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ABSTRACT 
Seed Dispersal by Livestock: A Revegetation Application for 
Improving Degraded Rangelands 
by 
Ferhat Gokbulak, Doctor of Philosophy 
Utah State University, 1998 
Major Professor: Dr. Christopher A. Call 
Department: Rangeland Resources 
lll 
A series of experiments was conducted to: 1) investigate how feeding cattle with 
different amounts of different-sized seeds affects seed passage rate through the digestive 
tract , and the germinability of passed seeds; 2) examine how the location of seeds in 
dungpats of different thicknesses influences seedling emergence , development, and 
survival in cattle dungpats; and 3) characterize seedling emergence in naturally and 
artificially deposited cattle dungpats . Three perennial , cool-season grasses, bluebunch 
wheatgrass [Psuedoroegneria spicata (Pursh) A. Love] , Sandberg bluegrass (Poa 
secunda Presl.), and 'Hycrest' crested wheatgrass [Agropyron desertorum (Fisch. ex 
Link) X A. cristatum (L.) Gaert.], were used as representative revegetation species for the 
Intermountain West region. 
When cattle were fed 60,000, 30,000, 15,000, and 7,500 seeds ofbluebunch 
wheatgrass and Sandberg bluegrass, the recovery of passed seeds for both species 
declined as seed feeding levels decreased from 60,000 to 7,500 seeds per animal and as 
time after seed ingestion increased from 1 to 4 days. Sandberg bluegrass seeds had 
greater germinability than bluebunch wheatgrass seeds at all seed feeding levels and 
collection dates. 
IV 
In complementary greenhouse studies, artificially prepared cattle dungpats (20 cm 
diameter) with different thicknesses (1, 2, and 4 cm) were placed on a sandy loam soil 
(initially at field capacity) in large plastic containers . Pre-germinated seeds of blue bunch 
wheatgrass, Sandberg bluegrass , and/or Hycrest crested wheatgrass were planted 
separately in the center and periphery of dungpats at heights (from bottom of dungpats) of 
0.5 cm for I-cm-thick dungpats, 0.5 and 1.5 cm for 2-cm-thick dungpats , and 0.5, 2.0, 
and 3.5 cm for 4-cm -thick dungpats. Half of the dungpat treatments received no 
supplemental water while the other half received additional water simulating a wet spring . 
After 60 days, seedling emergence, development , and survival for all species were 
greatest at the 0.5 cm planting height , regardless of dungpat thickness , and greatest in 1 
cm-thick dungpats , regardless of planting height. Seedling emergence , development , and 
survival were greatest for Hycrest crested wheatgrass, followed by bluebunch wheatgrass 
and Sandberg bluegrass. 
In a field study, cattle dung containing passed seeds of blue bunch wheatgrass, 
Hycrest crested wheatgrass, and Sandberg bluegrass was formed into artificial dungpats 
(2 kg in mass) with thicknesses of 1, 2, and 4 cm, and respective diameters of 40, 28, and 
20 cm, and deposited on bare soil. Cattle also deposited natural dungpats varying in 
mass, thickness, and diameter. Seedling emergence for all species decreased as artificial 
dungpat thickness increased from 1 to 4 cm, and was lowest in natural dungpats. 
Seedling emergence for all dungpat types was greatest for Hycrest crested wheatgrass, 
followed by Sandberg bluegrass and bluebunch wheatgrass. 
These studies indicate that: 1) cattle should be fed about 60,000 seeds ( of these 
grass species) per animal to pass sufficient germinable seed to establish at least one 
seedling in a dungpat; and 2) seedling emergence , development , and survival in cattle 
dungpats are greatly influenced by plant species (seeds) ingested , thickness of dungpats, 
seed location in dungpats, and moisture content of the soil underlying dungpats . 
V 
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CHAPTER I 
INTRODUCTION 
The revegetation of degraded rangelands is a complicated task due to 
environmental constraints and high costs associated with plant materials and equipment. 
Using mechanical methods for revegetation is expensive and often unsuccessful (Barrow 
& Havstad, 1992), especially in arid areas. Steep slopes and rough soil surfaces can also 
limit the use of mechanical methods and increase the risk of erosion. Existing desirable 
plant species can be disrupted by seedbed preparation equipment. In addition, it is 
difficult to extensively use mechanical methods in large areas. Therefore, scientists and 
managers have been considering different methods for revegetation programs. One of 
these options is to use domestic animals as seed dispersal agents. 
Seed dispersal by animals has received considerable attention by scientists 
(Rogers & Applegate , 1983; Welch, 1985 ; Jones & Simao Neto, 1987 ; Zedler & 
Black, 1992; Schupp, 1993; Akbar et al., 1995; Malo & Suarez , 1995) , and takes 
place through a variety of mechanisms , including adhesion to the body , scattering and 
caching, and passage through the gut (Herrara , 1989). Seed dispersal by adhesion is an 
evolved adaptation of many low-statured plants of woodlands and disturbed areas 
(Sorensen, 1986), and large herbivores have contributed to the introduction and spread 
of exotic weeds [ e. g., cheatgrass (Brom us tectorium L.)] by this dispersal process 
(Mack, 1981 ). Seed-caching by rodents is important for the establishment of Indian 
ricegrass [Oryzopsis hymenoides (R. & S.) Ricker], bitterbrush [Purshia tridentata 
2 
(Pursh) DC.], creosote bush [Larrea tridentata (DC.) Cov.], mesquite [Prosopis 
juliflora (Sw.)], and other plant species in rangeland environments (Archer & Pyke, 
1991 ). Depending on the characteristics of consumer digestive tracts and ingested 
seeds, large amounts of seeds may pass through the digestive systems of animals and be 
transported long distances (Bullock & Primack, 1977). It is assumed that seeds of many 
species can be ingested by animals and dispersed into favorable microenvironments for 
germination and establishment (Janzen, 1984). Depending on the rate of seed passage 
and on patterns of animal movement, seeds could be distributed over a large area for 
several days after ingestion. This seed dispersal strategy could result in the development 
of patches of desirable species that could serve as nuclei of seed production and future 
sources of seed for surrounding areas . 
The ability of seeds to germinate after passing through the digestive tract of 
animals depends upon several factors, including seed characteristics (size, shape, and 
hardness), type of animal (body size, mastication, and digestive system), and diet 
quality (Simao Neto et al., 1987). Larger seeds tend to pass through the animal more 
slowly than small seeds, and elongated seeds tend to pass more slowly than round seeds. 
Also, larger seed size increases the probability of mastication. For example, Russi et al. 
(1992) reported that Trifolium campestre Schreb. (smallest seeds) had the highest (59%) 
recovery rate, whereas Trifolium stellatum L. (largest seeds) had the lowest (23%) 
recovery rate from the reticulo-rumen of sheep. In the same study, the authors suggested 
that small-seeded species avoided mastication and rumination better than large-seeded 
species. Because of this, the small-seeded species became more common on rangelands 
at a higher stocking rate. Even though very small seeds have a lower chance of being 
damaged by mastication, they may be killed by digestion due to reduced mechanical 
protection (Lieberman et al., 1979). 
3 
Recovery rates of ingested seeds are influenced by particle density as well as 
particle size. By using indigestible plastic particles, DesBordes and Welch (1984) found 
that particles with specific gravities of 1.77, 1.42, and 1.17 g/ml had greater passage 
rates in cow digestive tracts than particles with specific gravities of 0.90 and 0.96 g/ml. 
In another study, Ehle and Stem (1986) showed that spherical plastic particles (6.4 mm 
in diameter) with a specific gravity of 1.34 g/ml had a faster passage rate through heifers 
than particles (3.2 and 12.7 mm in diameter) with a specific gravity of 0.91 and 2.30 g/ml. 
They suggested that particle density was an important factor in influencing passage rate in 
Holstein heifers. Other scientists have found similar results with plastic particles passing 
through sheep (Kaske et al. , 1992). 
Seeds with soft seed coats may lose their viability and germinability more easily 
than seeds with hard seed coats as they pass through animal digestive tracts (Archer & 
Pyke, 1991). Hard seed coats provide protection not only from temperature and humidity 
fluctuations but also from mechanical injuries, and soft seed coats permit rapid water 
uptake, resulting in imbitional injury (Mohamed-Yasseen et al., 1994). In one study, 
grass seeds with soft coats were more permeable to water and more easily killed than 
legume seeds with hard coats during passage through the digestive tract of cattle 
(Gardener et al., 1993a; Gardener et al., 1993b). The proportion of undamaged 
germinable seeds recovered from cattle, sheep, and goats was much greater for hard-
seeded legumes (requiring a scarification treatment) than for softer-seeded grasses in 
another study (Simao Neto et al., 1987). 
4 
Various animals have different effects on seed recovery rates because of 
differences in feeding behavior (Burton, 1948; Lehrer & Tisdale, 1956; Janzen, 1982). 
In general, smaller ruminants (sheep and goats) have smaller mouth parts which can 
result in more chewing damage, and they have smaller orifices in their digestive tract that 
can restrict the flow of large-sized seeds (Poppi et al., 1985; Simao Neto et al., 1987). 
Janzen (1981) observed that range cattle and horses have a different seed-swallowing 
behavior. Swallowing rates were higher for range cattle than horses due to spitting or 
dropping of seeds by horses. In a comparison of sheep size, it was observed that large 
sheep seemed to eat more seed and pass more feces and seed than small sheep (Piggin, 
1978). 
The effectiveness of digestion by animals, and hence the retention time of seeds in 
the digestive tract, is a function of diet (Blackshaw & Rode, 1991 ). Campling and Freer 
(1962) fed three cows with three different diets (hay, dried grass, and concentrates). The 
mean retention time of particles in the whole gut system was longest with the concentrate 
diet and shortest with the dried grass diet. In another study, the recovery rate of seeds 
ingested by sheep was lower with a low-quality diet (10% digestibility) than with the 
medium- and high-quality diets (28% digestibility) (Jones & Simao Neto , 1987). 
5 
The majority of research describing the passage of seeds by ungulates has focused 
on ruminants. Several processes operating in the ruminant digestive system result in a 
considerable reduction in the particle size of ingested material, which can significantly 
impact seed survival. Seeds can be damaged by initial mastication upon ingestion; by 
regurgitation and remastication , and physical mixing and microbial fermentation in the 
reticulo-rumen during rumination; by hydrolytic and enzymatic activity in the abomasum 
and small intestine; and possibly by secondary microbial fermentation in the reduced 
cecum (Huston & Pinchak, 1991 ). Simao Neto and Jones (1987) suggested that much of 
the damage to ingested seeds occurred in the rumen. In their in sacco and in vitro studies, 
viability of carpet grass (Axonopus affinis Chase) and signal grass (Brachiaria decumbens 
Stapf.) seeds was lower after 96 h than after 24 h digestion periods in rumen fluid or 
pepsin . However, seeds of several grass species in the Triticeae tribe readily germinated 
after passing through cattle in a recent study (Al-Mashikhi , 1993). 
A potentially significant percentage of seeds ingested by domestic and wild 
ungulates could be deposited in a moist, nutrient-rich medium that may facilitate 
germination and establishment (Archer & Pyke, 1991). Seeds of blue grama [Bouteloua 
gracilis (HBK) Lag. ex. Steud.] and sand dropseed [Sporobolus cryptandrus (Torr.)] 
germinated in dung of pronghorn antelope and cattle collected from a semiarid grassland 
in Colorado (Wicklow & Zak, 1983). In a comparison of fecal seeding and broadcast 
seeding of switchgrass (Panicum virgatum L.), Ocumpaugh et al. (1996) observed that 
fecal seeding had significant advantages over broadcast seeding in terms of seedling 
6 
emergence, establishment, and growth. Akbar et al. (1995) found that moisture and 
temperature conditions in cattle dungpats were favorable for germination and 
establishment of passed seeds of crested wheatgrass [Agrapyran desertorum (Fisch. ex 
Link) Schult. X A. cristatum (L.)] during late spring and early summer. The major 
limitation to crested wheatgrass establishment was crust formation on the cattle dungpats. 
Wilson and Hennesssy (1977) reported that establishment of kikuyu grass (Pennisetum 
clandestinum cv. Whittet) was good in cattle dungpats. One study in northeast Scotland 
showed that the establishment of Anthaxanthum adaratum L., Holcus lanatus L., Paa 
annua L., and Paa pratensis L. increased because of dung deposition by cattle (Welch, 
1985). 
Several studies have demonstrated that the seed content of cattle or sheep feces is 
highest between 2 and 3 days after ingestion and falls after 4 days (Simao Neto et al., 
1987). Depending on the rate of passage and on animal movement patterns , germinable 
seeds could be distributed over large areas for several days after ingestion . Cattle 
generally defecate 7 to 13 times per day , depending on forage availability and digestibility 
(Weeda, 1967; Marsh & Campling, 1970). Forage quantity and quality also play an 
important role in animal distribution, as do abiotic factors such as slope and distance to 
water (Bailey, 1996). Cattle normally utilize gentle slopes ( <30%) and can travel up to 
3.2 km between water locations (Holechek et al., 1995) . Coffin and Lauenroth (1988) 
reported that dungpat deposition (pats. ha -1.yr -1) was greatest for lowlands under heavy 
grazing, moderate for slopes under moderate grazing, and lowest for uplands under light 
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grazing intensity in a shortgrass plant community in Colorado. 
Large dungpats from cattle have the potential to suppress or kill the existing 
vegetation they are deposited on, creating a gap for germination and establishment of 
passed seed (Janzen, 1984). Large dungpats may not only reduce competition, but may 
also protect newly established plants from grazing because animals avoid consuming 
vegetation immediately adjacent to fallen dung (Watkin & Clements, 1978). Pelleted 
dung from pronghorn antelope did not cause bare spaces for plant establishment in a 
semiarid grass sward in Colorado (Wicklow & Zak, 1983). Thus, pronghorn antelope 
and other small ruminants (sheep and goats) that excrete pelleted dung may not be 
effective seed dispersal agents in areas with competitive resident vegetation . Auman et 
al. (1998) investigated the suppressive effects of cattle dungpats and sheep dung pellets 
on monocultures of cheatgreass and bottlebrush squirrel tail (Sitanion hystrix Nutt.). They 
found that cattle dungpats had more of a suppressive effect on resident vegetation than 
did sheep dung pellets , and that cattle dungpats created favorable microsites for seed 
germination of crested wheatgrass. 
The majority of research investigating the passage of seeds through animal 
digestive tracts has focused on one level of seed-feeding. There is limited research on the 
effects of feeding different amounts of seed on passage rate and seed viability. Thomson 
et al. (1990) found that when 30,000 medic (Medicago spp.) seeds were offered to sheep 
at one meal, seed recovery rate was higher compared to 200 g of medic pods ( 4-8 seeds 
per pot) at a single meal or 20 g of medic pods on a daily basis for 21 days. In another 
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study, Jones and Simao Neto (1987) fed sheep 12,000, 18,000, and 24,000 seeds of 
carpet grass (Axonopus a/finis Chase), Pensacola Bahia grass (Paspalum notatum 
Fluegge), Kenya white clover (Trifolium semipilosum cv. Safari), and shrubby stylo (S. 
scabra cv. Seca.), and found that the number of seeds in the diet did not affect the 
recovery rate and viability of recovered seeds. In addition, some researchers have shown 
that there is a high correlation between seeds in feces and the abundance of seeds in 
pastures . Jones et al. (1991) reported that the seed content of feces collected from a 
heavily-grazed pasture was higher than from lightly-grazed pastures, and the seed content 
of feces collected in spring and winter was lower than of feces collected in summer and 
autumn. To get 100-200 physically sound legume seeds that could yield at least one plant 
per cow dungpat, Ocumpaugh et al. (1991) recommended about 2,000 hard seeds for 
average daily consumption . In the same study, they recommended the daily consumption 
of 33,000 switchgrass seeds to deliver 500 viable seeds per cattle dungpat. However, 
establishment of plants from passed seeds in dungpats was not investigated in any of 
these studies. 
Little information is available about competitive interactions during plant 
establishment on dungpats. Akbar (1994) observed up to 70 seedlings of crested 
wheatgrass emerging from artificial cattle dungpats ( containing about 1,600 passed, 
undamaged seeds) during the first 2 weeks after dungpat deposition on bare soil in the 
field. By the end of the growing season, 1-5 seedlings survived on each dungpat, and the 
majority of survivors were located on the periphery of dungpats. Auman (1996) noted the 
same trend while using cattle dungpats to create gaps in relatively sparse perennial 
vegetation [bottlebrush squirreltail (Sitanion hystrix Nutt.)] at the same field site. 
However, Akbar (1994) and Auman (1996) did not examine the effect of dungpat 
thickness and seed locations in dungpats on seedling establishment and survivai. 
Experiments have characterized seed passage through cattle digestive tracts but 
few studies have investigated the effects of feeding animals with different amounts of 
different-sized seeds on rates of seed passage and germinability of undamaged passed 
seeds. Since the amount of seed that is fed to animals affects the cost and feasibility of 
this alternative revegetation approach, more experiments are needed to determine the 
appropriate amounts of seed that must be fed to animals to revegetate disturbed 
rangelands. Only a few experiments (Akbar et al., 1995; Ocumpaugh et al., 1996; 
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Auman et al., 1998) have addressed seedling emergence, establishment , and survival in 
mostly artificially deposited dungpats . More information is needed about how dungpat 
thickness and size, and seed locations in dungpats affect seedling emergence, 
establishment, and survival in dungpats . We need to determine why the majority of 
seedlings die after emergence and why seedling survival is greater at the peripheral region 
of the dungpats than in the center of the dungpats. It is not known if thinner dungpats may 
be suitab le for seedling emergence but not for seedling survival due to lower moisture 
holding capacities, than thicker dungpats. It may be possible to adjust dungpat thickness 
by feeding animals different diets. 
The main objectives of this research were to investigate: 1) how feeding cattle 
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different amounts of seeds of cool-season, perennial grasses (with different seed sizes) 
influenced seed passage rate and germinability, and 2) how dungpat thickness and seed 
location in dungpats affected seedling emergence, establishment, and survival. A series of 
experiments was conducted to achieve these objectives. Chapter II describes how feeding 
Holstein heifers with different amounts of seed of bluebunch wheatgrass 
(Pseudoroegneria spicata (Pursh) A. Love, large seed size) and Sandberg bluegrass (Paa 
secunda, Presl., small seed size) influenced seed passage rate, seed recovery, and 
germinability of undamaged passed seeds. Chapter III addresses how emergence, 
development (above-ground biomass production, number of tillers per plant, and plant 
height), and survival of seedlings of blue bunch wheatgrass, Sandberg bluegrass, and 
crested wheatgrass were affected by dungpat thickness, seed location in dungpats, and 
water regimes in a greenhouse environment. In addition, root growth of blue bunch 
wheatgrass and Sandberg bluegrass seedlings in dungpats and underlying soil was also 
studied in a greenhouse environment. Chapter IV describes a field study where seedling 
emergence, establishment, and survival of these three grass species were investigated in 
artificially deposited dungpats (different thicknesses) and naturally deposited dungpats 
under natural conditions. Chapter V provides an overall synthesis of all studies and 
suggestions for future research. 
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CHAPTER II 
RECOVERY AND GERMINATION OF GRASS SEEDS FED TO CATTLE 1 
Seeds of blue bunch wheatgrass [Psuedoroegneria spicata (Pursh) A. Love] and Sandberg 
bluegrass (Poa secunda Pres!.) were fed to Holstein heifers in different amounts to 
investigate the effects of seed feeding level and seed size on the recovery and 
germinability of passed seed. Animals were fed 60,000, 30,000, I 5,000, and 7,500 seeds 
of each species . Passed seeds were recovered from dung collected daily over a 4-day 
period and tested for germ inability . In general, recovery of the larger-seeded blue bunch 
wheatgrass and the smaller-seeded Sandberg bluegrass declined as seed feeding levels 
decreased from 60,000 to 7,500 seeds per animal, and as time after seed ingestion 
increased from I to 4 days. Total seed recovery over the 4-day period was greater for 
bluebunch wheatgrass at the 60,000 seed feeding level, similar for both species at the 
30,000 seed feeding level, and greater for Sandberg bluegrass at the I 5,000 and 7,500 
seed feeding levels. Germinability of blue bunch wheatgrass seeds decreased with each 
additional day in the digestive tract, while germ inability of Sandberg bluegrass seeds 
remained constant or increased with time. Germinability of both species tended to 
increase as seed feeding levels decreased from 60,000 to I 5,000 seeds per animal. 
Sandberg bluegrass seeds had greater germinability than bluebunch wheatgrass at all 
seed feeding levels and collection dates . Recovered seeds had significantly lower 
1Coauthored by F. Gokbulak and C. A. Call. 
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germinability than noningested seeds for both species. 
Livestock are being considered as dispersal agents for spreading seeds of desirable 
plant species on degraded rangelands (Archer & Pyke, 1991; Gardener, 1993 ). Several 
studies have investigated the recovery and germinability of seeds that have passed 
through ruminant digestive tracts (Burton, 1948; Lehrer & Tisdale 1956; Wilson & 
Hennessy, 1977; Ozer, 1979; Jones & Simao Neto, 1987; Simao Neto et al., 1987; 
Thomson et al., 1990; Barrow & Havstad, 1992; Russi et al., 1992; Al-Mashikhi, 1993; 
Gardener et al., 1993a; Peinetti et al., 1993). In general, the findings from these studies 
indicate that: 1) larger seeds have a greater probability of being damaged by mastication 
than smaller seeds; 2) larger seeds tend to pass through animals more slowly than small 
seeds, and elongated seeds tend to pass more slowly than round seeds ; and 3) depending 
on retention time in the digestive tract, seeds with soft seed coats usually lose their 
germinability /viability more easily than seeds with hard seed coats . 
In the majority of these studies, animals were fed one specified amount of seed of 
selected plant species. Little information is available concerning the effects of feeding 
different amounts of seed on the recovery and germinability of passed seed . Since the 
amount of seed that is fed to animals affects the cost and feasibility of this alternative 
revegetation strategy, more research is needed to determine the appropriate amount of 
seed that must be fed to animals to provide enough germinable seeds for successful 
seedling establishment in deposited dung . Seeds of two native, perennial, cool-season 
grasses -- bluebunch wheatgrass [Psuedoroegn eria spicata (Pursh) A. Love] and 
Sandberg bluegrass (Poa secunda Presl.) -- were fed to cattle in different amounts to 
investigate the effects of seed feeding level and seed size on the recovery and 
germinability of passed seed. 
Materials and Methods 
Plant Species 
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Bluebunch wheatgrass and Sandberg bluegrass were selected for this experiment 
based on their desirability as revegetation species, differences in the niches they occupy 
in upland range communities in the Intermountain West, and differences in their seed 
size. Both species are adapted to low rainfall and most soil textures, and provide excellent 
spring forage for livestock and a variety of wildlife species (Wasser , 1982). Bluebunch 
wheatgrass has a taller bunchgrass growth habit and a deeper root system than Sandberg 
bluegrass (Wasser, 1982). Seeds of both species are approximately the same diameter 
(1-2 mm); however, the length of bluebunch wheatgrass seeds (8-9 mm) is twice that of 
Sandberg bluegrass seeds (3-4 mm). Bluebunch wheatgrass seed (2.3 mg/seed) is about 
four times heavier than Sandberg bluegrass seed (0.5 mg/seed). Seeds of neither species 
require pretreatment for germination (Evans et al., 1977; Young et al., 1981). 
Animals and Feeding 
Eight Holstein heifers from the USU Caine Dairy Farm were used from 
November 1996 through April 1997 in this experiment. Animals were kept in individual 
pens for feces collection . All animals were fed a grass hay diet (Bromus inermis Leysser, 
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Dactylis glomerata L., Festuca arundinacea Schreb., Phleum pratense L., Juncus spp.; 
69 % in vivo dry matter digestibility, 7.8% crude protein, 63.6% neutral detergent fiber, 
and 32.9 % acid detergent fiber) that did not include seeds of either bluebunch wheatgrass 
or Sandberg bluegrass . Daily dry matter intake was 3% of live body weight for each 
animal, and feed was equally divided between feeding times at 0800 hours and 1800 
hours. Animals had continuous access to water during the experiment. Seed feeding 
treatments (on a per animal basis) included 60,000, 30,000, 15,000, and 7,500 seeds 
(actually florets with lemma and palea covering the caryopsis) of each grass species. 
Animals were randomly selected and fed for each treatment. Seeds of each grass species 
were mixed with calf feed (soybean, meat meal, cottonseed, linseed and alfalfa meal; 
ground com, wheat, ground oats, and barley; molasses; salt , and vitamins and minerals) 
and offered to animals before the early morning ration of grass hay . Animals did not 
consume the total amount of seed offered for any species at any seed feeding level, and 
the proportion of unconsumed seeds varied from 4 to 8% for bluebunch wheatgrass and 
from 2 to 8% for Sandberg bluegrass . Unconsumed seeds were collected and quantified, 
and the values were used to determine the actual number of seeds ingested by animals at 
each seed feeding level. 
Seed Passage and Recovery 
After seed ingestion, a 1 kg fecal sample was taken from the rectum of each 
animal every 24 h for 4 days . The samples were washed over a series of sieves and dried 
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to recover seeds for seed passage estimates and germination tests. This method provides 
a more accurate, point-in-time measurement of seed recovery than collecting subsamples 
from total fecal output at 24-h intervals, which has been done in most other seed passage 
and recovery studies . Recovered seeds were separated by hand (using a 1 OX magnifying 
lens) into two categories: undamaged (lemma and palea not injured in outward 
appearance) and damaged (lemma and palea injured in outward appearance). Seed 
recovery was expressed in two ways for each treatment: the actual number of undamaged 
seeds recovered, and percent recovery of seeds ( actual number of undamaged seeds 
recovered divided by the actual number of seeds ingested). After the fourth day of 
collecting feces containing passed seeds, animals were given an additional 3 days to 
ensure that no seeds remained in the digestive tract befor e feeding the next seed 
treatment. 
Germinability of Recovered Seeds 
Depending on the availability of undamaged passed seeds, one to four replications 
of 25 undamaged seeds from each fecal sample were placed on moisten ed ( distilled 
water) filter paper in Petri dishes to estimate gerrninability. Petri dishes were placed in a 
controlled environment chamber with a night / day temperature regime of 10 / 20 °C and 
a 12-h photoperiod. The number of germinated seeds was counted every day over a 21-
day period. Grass seeds were considered germinated when the coleoptil e had emerged 
and the radicle had elongated to 5 mm (Copeland, 1978). To compare the germination 
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percentages of passed seeds with unpassed seeds for the same plant species, four 
replications of 25 unpassed seeds for each plant species were placed in Petri dishes in the 
same controlled environment chamber and at the same time. 
Experimental Design and Analysis 
The experiment was arranged in a three-way factorial, randomized, split-plot 
design. The three factors were plant species (bluebunch wheatgrass and Sandberg 
bluegrass), seed feeding levels (60,000, 30,000, 15,000, and 7,500 seeds per animal), and 
seed collection dates (four days) and eight animals were replications. The numbers of 
seeds in 1-kg fecal samples were log-transformed and the recovery percentages of 
undamaged passed seeds were arcsine-transformed prior to using analysis of variance 
(Zar, 1996) . Means were compared using Fisher's LSD (P<0.05) . Germination analyses 
of undamaged passed seeds and control seeds were analyzed using a binomial chi-square 
test (Zar, 1996). 
Results 
The actual numbers of seeds recovered from 1-kg fecal samples were used to 
decide which seed feeding level and seed collection day were the best for dungpat 
deposition in the field after animals consumed seeds. The percentage of seed recovered 
from 1-kg fecal samples was used to compare seed passage rates in this study with those 
in other seed passage studies. 
The numbers of undamaged bluebunch wheatgrass and Sandberg bluegrass seeds 
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recovered from 1 kg dung samples declined as seed feeding levels decreased from 60,000 
to 7,500 seeds per animal, and as time after seed ingestion increased from 1 to 4 days 
(Table 1 ). Significant reductions in the numbers of recovered seeds for both species were 
observed by the third day after seed ingestion for all seed feeding levels except for the 
7,500 seed feeding level for Sandberg bluegrass, which did not show a significant 
reduction until the fourth day after seed ingestion. During the first and second days after 
seed ingestion, seed recovery was similar for both species at all seed feeding levels except 
the 7,500 seed feeding level, where seed recovery on the second day was significantly 
higher for Sandberg bluegrass than for bluebunch wheatgrass. More seeds of Sandberg 
Table 1 
Numbers of seeds recovered from 1-kg fecal samples from 1 to 4 days after cattle ingested 
different amounts of seed of bluebunch wheatgrass and Sandberg bluegrass . Means with 
different letters are significantly different in each column and each row for the same species, 
and between species at the same day after seed ingestion and same seed feeding level as 
determined by the LSD test (P<0.05) 
Seed feeding level (x 1000) 
Days after 
ingestion 60 30 15 7.5 60 30 15 7.5 
Bluebunch wheatgrass Sandberg bluegrass 
1 176a 71b 39bc 25cg 136a 80ab 49be 23g 
2 123ad 50bf 22c 7h 72de 34cf 40ce 42ceg 
3 25b 8d 6d lef 29bg 16dg 21gh 33g 
4 5c 3ce lef Of 22bh 10d 15dh 12dh 
23 
bluegrass were recovered at all seed feeding levels during the third and fourth days after 
seed ingestion, and seed numbers were significantly higher than those for bluebunch 
wheatgrass on the fourth day (see Table A.1 in Appendix). 
Percent recovery of seeds of bluebunch wheatgrass and Sandberg bluegrass 
declined as days after seed ingestion increased from 1 to 4 days (Table 2). Percent 
recovery of bluebunch wheatgrass seeds also declined as seed feeding levels decreased 
from 60,000 to 7,500 seeds per animal; however, percent recovery of Sandberg bluegrass 
seeds increased significantly on the second, third, and fourth days after seed ingestion at 
Table 2 
Percent recovery of seeds from 1-kg dungpats 1 to 4 days after cattle ingested different 
amounts of seed of bluebunch wheatgrass and Sandberg bluegrass. Meanswith different 
letters are significantly different in each column and each row for the same species and 
between species at the same day after seed ingestion and same seed feeding level as 
determined by the LSD Test (P<0.05) 
Seed feeding level (x 1000) 
Days after 
ingestion 60 30 15 7.5 60 30 15 7.5 
Bluebunch wheatgrass Sandberg bluegrass 
1 0.33a 0.27a 0.29a 0.36a 0.25a 0.30a 0.36a 0.42ad 
2 0.26ab 0.19ach 0.16bc 0.10c 0.13b 0.13bh 0.29ac 0.59df 
3 0.06e 0.03be 0.04e O.0lef 0.05ce 0.07bc 0.22ag 0.50d 
4 O.0lcf 0.0lef 0.0lf 0.00f 0.04c 0.04cf 0.14g 0.19bg 
the 15,000 and 7,500 seed feeding levels (Table 2) (see Table A. 2 in Appendix). 
After passing through the cattle digestive tract, seeds of both species had 
significantly lower germinability than unpassed seeds. For bluebunch wheatgrass, the 
mean germination percentage for recovered seeds from all seed feeding treatments was 
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10%, compared to 69% for unpassed seeds. Similarly, mean germination percentages for 
recovered and noningested seeds of Sandberg bluegrass were 23 and 44%, respectively. 
Seed retention time in the digestive tract had different effects on the germinability 
of bluebunch wheatgrass and Sandberg bluegrass seeds (Table 3). Germinability of 
bluebunch wheatgrass seeds decreased significantly with each additional day in the 
digestive tract. In contrast, germinability of Sandberg bluegrass seeds remained constant or 
increased with time, with a significantly higher germination percentage 3 days after 
Table 3 
Percent gennination ofbluebunch wheatgrass and Sandberg bluegrass seeds recovered from 
cattle dung 1 to 4 days after seed ingestion . Means with different letters are significantly 
different in each row and each column as determined by the binomial chi-square test 
Days after Bluebunch Sandberg 
ingestion wheatgrass bluegrass 
1 14c 21b 
2 6d 21b 
3 4e 28a 
4 * 22ab 
*Not enough seeds recovered for germination test. 
25 
seed ingestion (see Table A. 3 in Appendix). Sandberg bluegrass seeds had significantly 
greater germinability than bluebunch wheatgrass at all seed collection dates. 
Germinability ofbluebunch wheatgrass seeds decreased significantly with each 
additional day in the digestive tract. In contrast, germinability of Sandberg bluegrass 
seeds remained constant or increased with time to pass, with a significantly higher 
germination percentage 3 days after seed ingestion. Sandberg bluegrass seeds had 
significantly greater germinability than bluebunch wheatgrass at all seed collection dates. 
In general, seed germinability for both species tended to increase as seed feeding level 
decreased from 60,000 to 7,500 seeds per animal (Table 4). Germinability was 
significantly higher for bluebunch wheatgrass at the 15,000 seed feeding level, and for 
Sandberg bluegrass at the 30,000 and 15,000 seed feeding levels . Sandberg bluegrass had 
Table 4 
Percent gem1ination ofbluebunch wheatgrass and Sandberg bluegrass seeds recovered from 
cattle dung after feeding cattle different amounts of seed . Means with different letters are 
significantly different in each row and each column as determined by the binomial chi-square 
test 
Seed feeding Bluebunch Sandberg 
level wheatgrass bluegrass 
60,000 10c 21b 
30,000 10c 27a 
15,000 15b 31a 
7,500 14bc 19b 
significantly higher germinability than bluebunch wheatgrass at all seed feeding levels 
except for the 7,500 seed feeding level (see Table A. 4 in Appendix). 
Discussion 
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Only one other study (Jones & Simao Neto, 1981) has examined the effects of 
different seed feeding levels on seed recovery in a ruminant animal. Jones and Simao 
Neto (1987) fed sheep 12,000, 18,000, and 24,000 seeds of Bahia grass (Paspalum 
notatum) and carpet grass (Axonopus affinis ), and found that level of seed intake did not 
have a significant influence on percentage recovery for either species over a 5-day period . 
In my study, a similar respon se was observed for percentage recovery of bluebunch 
wheatgrass at all seed feeding levels and for Sandberg bluegrass at the 60,000 and 30,000 
seed feeding levels . 
Several other studies have investigated the recovery of ingested grass seeds in 
ruminants (Jones & Simao Neto, 1987; Simao Neto et al., 1987; Barro w & Havstad, 
1992; Al-Mashikhi, 1993; Gardener et al., 1993b); however, only one seed feeding level 
was used for each grass species. Al-Mashikhi (1993) fed steers 60,000 seeds of five cool-
season, perennial grass species, including bluebunch wheatgrass, and found that percent 
seed recovery peaked 2 days after seed ingestion and declined to near zero 4 days after 
seed ingestion. A similar pattern was observed when steers were fed 60,000 seeds of 
alkali sacaton (Sporobolus airoides) and 21,000 seeds of blue panicgrass (Panicum 
antidotale) (Barrow & Havstad, 1992). Only three of eight tropical and subtropical 
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grasses survived passage through cattle digestive tracts, and seed recovery was greatest 
for them between 24 and 36 h after seed ingestion (Gardener et al., 1993a). It is difficult 
to directly compare seed recovery data from these studies with data from my study 
because: 1) sheep and cattle have different-sized mouthparts, resulting in different levels 
of mastication damage, and different-sized orifices in their digestive tract, which can 
influence the flow of different-sized seeds (Poppi et al., 1985; Simao Neto et al., 1987); 
2) animal diets were different and diet quality can significantly influence seed passage 
rate (Jones & Simao Neto, 1987); 3) percent recovery of seeds in other studies was 
determined on a daily total fecal output basis, while percent recovery in my study was 
determined from 1-kg rectal samples at the end of each collection day; 4) seed feeding 
levels for different grass species varied from 12,000 to 555,600 seeds per animal across 
the studies; and 5) seed sizes for different grass species varied considerably across the 
studies. 
Even though Sandberg bluegrass seeds are half the size ofbluebunch wheatgrass 
seeds, recovery did not fit the accepted pattern of smaller seeds passing more rapidly than 
larger seeds through ruminant digestive tracts (Simao Neto et al., 1987). Similar numbers 
of seeds were recovered for both species at most seed feeding levels during the first and 
second days after seed ingestion. More seeds of Sandberg bluegrass were recovered at 
most seed feeding levels during the third and fourth days after seed ingestion. This 
recovery pattern could be an expression of differential chewing damage associated with 
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rumination rather than ingestion (Piggin, 1978). It is also possible that seeds the size of 
bluebunch wheatgrass (8-9 mm long and 1-2 mm diameter) were not large enough to be 
restricted by the reticulo-omasal orifice in cattle, as was observed for a similar-sized seed 
of a tropical grass species (Gardener et al., 1993a) . Seeds (actually spikelets) as large as 
those of sideoats grama [Boutelous curtipendula (Michx.) Torr.] have been shown to 
hinder seed recovery from cattle digestive tracts (Barrow & Havstad, 1992). 
The germinability of grass seed generally decreases with length of time in the 
ruminant digestive tract. The glumes and/or palea and lemma surrounding the caryopsis 
in many grass species are not as resistant to microbial fermentation, and hydolytic and 
enzymatic activity, as is the hard seed coat of many legume species (Gardener et al., 
1993b ). Fairly abrupt decreases in percent germination with time in cattle digestive 
tracts, similar to those for bluebunch wheatgrass in this study, have been observed for 
several cool-season grasses, including bluebunch wheatgrass in another study (Al-
Mashikhi, 1993) . Very gradual decreases in percent germination with time in cattle, 
sheep, and goat digestiv e systems were reported for several tropical and subtropical 
grasses (Jones & Simao Neto, 1987; Simao Neto et al., 1987). Increases in percent 
germination with time in cattle digestive tracts, similar to those for Sandberg bluegrass in 
this study, have been noted for alkali sacaton, a small-seeded, warm-season grass (Barrow 
& Havstad , 1992) . 
Increases in germinability as seed intake level declines, such as those observed for 
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both species in this study, have not been reported elsewhere. Jones and Simao Neto 
(1987) indicated that level of seed intake (12,000, 18,000, and 24,000 seeds per sheep) 
had negligible influence on the germinability of Bahia grass and carpet grass. Changes in 
percent germination of blue bunch wheatgrass and Sandberg bluegrass seeds more likely 
resulted from the length of time seeds were in the digestive tract rather than from 
differences in seed feeding levels. Also, numbers of recoverable seeds for germination 
tests were low in most treatments except for the 60,000 and 30,000 seed feeding levels 
the first and second days after seed ingestion. 
Management Implications 
The amount of dung voided in an excretion event by Holstein steers in this 
experiment ranged from 0.8-2.5 kg (personal observation) . Using bluebunch wheatgrass 
as an example , the actual number of undamaged seeds in a cattle dungpat 1 day after seed 
ingestion (time of maximum seed recovery) could range from 140-440 seeds in the 
60,000 seed feeding level to 20-62 seeds in the 7,500 seed feeding level. Three days after 
seed ingestion, actual seed numbers for the same feeding levels drop to 20-62 and 0.8-2.5 
seeds per cattle dungpat , respectively. When these seed numbers are multiplied by the 
mean germination percentage (I 0%) for recovered bluebunch wheatgrass seeds, it 
becomes evident that only 14-44 germinable seeds might be deposited in a dungpat 1 day 
after a cow has ingested 60,000 seeds while consuming a fairly high-quality grass hay 
diet. Fewer germinable seeds will be deposited in dungpats from lower seed feeding 
levels and longer digestion periods. 
Germination and seedling establishment in these dungpats will be strongly 
influenced by plant characteristics, and by site conditions, including temperature, 
available moisture, dungpat crust formation, competition from existing vegetation, and 
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granivory and herbivory (Akbar, 1994; Auman et al., 1998). Having 14-44 germinable 
bluebunch wheatgrass seeds in a dungpat may be sufficient to ensure the establishment of 
one or more seedlings by the end of a growing season with favorable conditions . When 
similar Holstein steers were fed 60,000 seeds of Hycrest crested wheatgrass, dungpats 
contained an average of 68 germinable seeds (Auman et al., 1998). During a growing 
season with above-normal precipitation and below-normal temperatures, about eight 
Hycrest seedlings established in each dungpat on bare soil, while one to three seedlings 
established in each dungpat placed in existing perennial vegetation. 
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CHAPTER III 
INFLUENCE OF SEED LOCATION AND DUN GPA T THICKNESS ON 
SEEDLING ESTABLISHMENT IN CATTLE DUNGPATS 2 
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Two greenhouse experiments were conducted to characterize the establishment of 
perennial grass seedlings in cattle dungpats. The first experiment investigated the effects 
of seed location in dungpats on emergence, shoot and root development, and survival of 
seedlings of blue bunch wheatgrass [Psuedoroegneria spicata (Pursh) A. Love J and 
Sandberg bluegrass (Poa secunda L.). Artificially prepared dungpats (4 cm thick, 20 cm 
diameter) were placed on a sandy loam soil in large plastic containers . The soil, initially 
at field capacity , was allowed to dry over the course of the study. Pre-germinated seeds 
of each species were planted separately in the center and periphery of dungpats at 
heights o/0.5 , 2.0, and 3.5 cmfrom the bottom of the dungpats . Seedlings were 
harvested I 0, 30, and 60 days after planting, characterized for their ability to emerge 
through dung, and measured for shoot height, tiller number, and root length. Seedling 
emergence and survival, and total root length were greatest when seeds of both species 
were planted in the periphery of dungpats at a height of 0.5 cm from the bottom of 
dungpats . Seedling emergence and survival were greater for bluebunch wheatgrass than 
for Sandberg bluegrass. Seed location did not affect the height or number of tillers per 
seedling for either species . The second experiment examined the effects of different 
2Coauthored by F. Gokbulak and C. A. Call. 
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dungpat thicknesses and water regimes on the emergence, shoot development, and 
survival of seedlings of blue bunch wheatgrass, Sandberg bluegrass, and Hycrest crested 
wheatgrass [ Agropyron desertorum (Fisch. Ex Link) Schult. X A. cristatum (L.) Gaert.}. 
Artificially prepared dungpats (20 cm diameter) with different thicknesses (I , 2, and 4 
cm) were placed on a sandy loam soil initially watered to field capacity . Pre-germinated 
seeds of each species were planted separately in the center and periphery of dungpats at 
heights (from the bottom of dungpats) o/0 .5 cm/or ]-cm-thick dungpats , 0.5 and 1.5 cm 
for 2-cm-thick dungpats , and 0. 5, 2. 0, and 3. 5 cm for 4-cm-thick dungpats. Half of the 
dungpat treatments received no supplemental water while the other half received 
additional water simulating a wet spring After 60 days, emerged seedlings were 
harvested and measured/or shoot height, number of tillers per plant , and shoot biomass. 
In general , seedling emergence, development , and survival for all species were greatest 
at the 0. 5 cm planting height, regardless of dungpat thickness, and greatest in 1 cm-thick 
dungpats, regardless of planting height. Supplemental watering enhanced seedling 
emergence and survival for all species . Seedling emergence was greater for crested 
wheatgrass than for blue bunch wheatgrass and Sandberg bluegrass; and seedling 
survival for crested wheatgrass and blue bunch wheatgrass was greater than for 
Sandberg bluegrass . 
Several studies have monitored the recruitment and growth of rangeland plants 
from seed passed in cattle dung (Welch, 1985; Brown & Archer, 1987; Akbar, 1994; 
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Malo & Suarez, 1995a, 1995b; Ocumpaugh et al., 1996; Auman et al., 1998). When 
compared to soil seedbeds in many rangeland environments, recently deposited cattle 
dungpats often have higher fertility and water holding capacity, and they can reduce 
competition with existing vegetation (Ocumpaugh et al., 1996; Auman et al., 1998). In 
small-plot trials, seedling establishment in cattle dungpats was equal or superior to 
broadcast seeding in soil for switchgrass (Panicum virgatum L.) in a subtropical grassland 
in southern Texas (Ocumpaugh et al., 1996) and ' Hycrest ' crested wheatgrass [Agropyron 
desertorum (Fisch. Ex Link) Schult. X A. cristatum (L.) Gaert .] in a sagebrush (Artemisia 
tridentata Nutt .) steppe in northern Utah (Akbar, 1994). 
Akbar ( 1994) and Auman et al. ( 1998), working with Hycrest crested wheatgrass 
in artificially deposited dungpats (20 cm diameter , 4 cm thickness) , observed that 
seedling establishment was strongly influenced by the location of passed seeds in 
dungpats . Seedlings emerged in all regions of dungpats in both studies ; however , those 
that emerged at the periphery near the soil surface had the greatest survival and 
development. This seedling recruitment pattern was related to the ease with which 
seedlings at peripheral locations could extend their coleoptile into the atmosphere and 
their primary root into the soil. 
Rapid initial development of shoots and roots enables seedlings to acquire 
necessary resources for growth in often stressful rangeland environments (Coyne & 
Bradford, 1985; Newman & Moser, 1988). Aguirre and Johnson (199 ~) investigated the 
seedling development characteristics of four range grasses in a sandy loam soil in the 
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greenhouse, and found that rapid leaf and tiller development and greater leaf area were 
associated with greater total root length, earlier branching of the primary root, a greater 
number and order of branching of seminal roots, and earlier elongation and branching of 
adventitious roots. Seedling shoot and root development have not been quantified in 
cattle dungpats, nor has seedling root growth from dungpats into underlying soil. Such 
information is necessary to more fully understand the potential of using fecal seeding as 
an alternative revegetation strategy on rangelands. 
Two greenhouse studies were conducted to characterize the establishment of 
perennial grass seedlings in cattle dungpats. The objective of the first experiment was to 
determine the effects of seed locations in dungpats on shoot and root development , 
emergence , and survival of seedlings of bluebunch wheatgrass [Psuedoro egn eria spi cata 
(Pursh) A. Love] and Sandberg bluegrass (Poa secunda L.) . The objective of the second 
experiment was to determine the effects of different dungpat thicknesses and water 
regimes on emergence, shoot development, and survival of seedlings of bluebunch 
wheatgrass, Sandberg bluegrass, and Hycrest crested wheatgrass . 
Materials and Methods 
Experiment 1 
Animal feeding and dung collection 
Dung and passed seeds were collected from six Holstein heifers at the USU Caine 
Dairy Farm during early April 1997. Animal feeding and handling were the same as 
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described in Chapter II. Two animals were fed 60,000 seeds of bluebunch wheatgrass 
and another two animals were fed 60,000 seeds of Sandberg bluegrass. Dung was 
collected at the time of maximum seed passage (24 h after feeding seeds) . Passed seeds 
of each species were recovered by washing dung in a series of screens . Undamaged seeds 
were separated from damaged seeds using a 1 Ox lens. The remaining two animals were 
not fed seeds of either species in order to collect seed-free dung for preparation of 
artificial dungpats . 
Dungpa t treatments 
Artificial dungpats (20 cm diameter, 4 cm thick , 1.5 kg weight) were formed from 
seed-free dung and deposited on a sandy loam soil in large plastic containers (30 cm 
diameter , 50 cm deep) without drainage holes . The soil was watered to field capacit y 
(based on soil moisture release curves developed from pressure plate analyses) the day 
before dungpat placement. To simulate natural drying in the soil profile , no further water 
was added to containers during the 8-week experiment (April 8 to June 8, 1997). 
Passed , undamaged seeds ofbluebunch wheatgrass and Sandberg bluegrass were 
germinated on moistened filter paper at 10/20 °C night/day temperature with a 12-h 
photoperiod . When the primary root reached 2 mm in length, eight pre-germinated seeds 
of each species were planted separately into the peripheral region of dungpats at heights 
of0.5, 2.0, and 3.5 cm from the bottom of the dungpat (Figures land 2). Five pre-
germinated seeds were also planted at the same heights into the center region of dungpats . 
Separate dungpats were used for each species I dungpat location/ dungpat 
planting height treatment to minimize interactions between developing seedlings and to 
isolate the influence of seed location and height on seedling development. Seeds were a 
minimum of 8 cm apart in the peripheral and center regions . 
• 
• • \ 
sctll 
\ 
• 
Figure 1. Locations of pre-germinated seeds at the peripheral and the core regions of 
dungpats. 
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Seedlings were harvested 10, 30, and 60 days after pre-germinated seeds were planted 
into dungpats. Containers were placed on their sides, and dungpats and underlying soil 
were carefully removed from the containers over a screen . Underlying soil was gently 
washed from the root systems of seedlings (still anchored in dungpats). Seedlings were 
(• 0.5 cm height 1-cm-thick dungpat ) 
• 1.5 cm height 
• 0.5 cm height 
2-cm-thick dungpat 
~ 3.5 cm height 
• 2.0 cm height 4-cm-thick dungpat 
• 0.5 cm height 
Figure 2. Planting heights of pre-germinated seeds in 1-, 2-, and 4-cm thick dungpats . 
Planting height is calculated from the bottom of the dungpat. 
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carefully removed from dungpats by soaking and gradually disintegrating the dungpats in 
water. Root length was measured to determine the overall rooting depth for each seedling 
(Newman & Moser, 1988). In addition to these measurements, seedlings were measured 
for aboveground height, number of tillers per plant, and number of leaves per tiller. Prior 
to removing emerged and unemerged seedlings at each harvest date, small samples of 
dung (from periphery and center) and underlying soil at depths of 0-5, 15-20, and 33-38 
cm from the soil surface (top , middle, and bottom) were collected from randomly chosen 
containers for measuring moisture content gravimetrically (Gordon et al., 1992). Daily 
maximum and minimum temperatures in the greenhouse were recorded throughout the 
experiment. 
Exp erimental design and analyses 
The experiment was a four-way factorial arranged in a randomized block design 
with three replications for each treatment. Dungpats were the measurement units . The 
four factors were species (bluebunch wheatgrass and Sandberg bluegrass) , seed locations 
in dungpats (core and periphery), planting heights in dungpats (0.5 , 2.0, and 3.5 cm from 
the bottom of the dungpats), and harvesting date (10, 30, and 60 days after planting) . 
Seedling emergence data were analyzed by analysis of variance using the GLM 
procedure, and means were separated by the LSD method (P<0 .05) (Zar, 1996). Moisture 
percentages for soil and dung were arcsine-transformed and analyzed in a completely 
randomized design using a mixed model, and differences among treatments were 
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separated using Tukey's test (P<0.05) (Zar, 1996). Survival data for emerged seedlings at 
the 60-day harvest time were analyzed by the Lifereg test, and differences among 
treatments were separated using the likelihood ratio chi-square test (P<0.05) (SAS 
Institute, 1994). Since low numbers of seedlings emerged at planting height of 3.5 cm for 
both species, this planting height was eliminated for the analysis for root length , number 
of leaves per tiller, and plant height data . Therefore, these parameters were analyzed in a 
completely randomized design using the GLM procedure, and means were separated by 
the LSD method (P<0.05) (Zar, 1996). 
Experiment 2 
Animal feeding and dung collection 
Dung was collected from 12 Holstein heifers at the USU Caine Dairy Farm during 
early November 1997. Animals were kept in individual pens and fed the same amounts 
of the same grass hay as in the first experiment to ensure that the composition and 
structure of dungpats would be similar in both experiments. No seeds of the experimental 
grass species were fed to the animals , in order to collect the maximum amount of seed-
free dung for preparation of artificial dungpats. 
Dungpat treatments 
Artificial dungpats were formed from seed-free dung and deposited on soil in 
plastic containers in the greenhouse in the same manner as described in the first 
experiment. Dungpats had the same diameter (20 cm) but they had three different 
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thicknesses (1.0 cm, 2.0 cm, and 4.0 cm). The soil was watered to field capacity one day 
before dungpat placement. During the experiment, half of the replications for each 
dungpat treatment received supplemental water while the other half received no 
supplemental water in order to simulate natural drying conditions in the soil profile. 
Supplemental watering, on a daily basis, simulated a wet spring growing period, April 
through May 1993 (Utah Climate Center, 1994). Daily maximum and minimum 
temperatures in the greenhouse were measured throughout the experiment. Supplemental 
lighting was provided to simulate the natural photoperiod during the spring growing 
season (April through May). 
Since the main purpose of this experiment was to investigate the effects of seed 
location , dungpat thickness, and amount of water on seedling emergence and survival, 
unpassed pre-germinated seeds were used instead of passed , undamaged, pre-germinated 
seeds. Seeds of bluebunch wheatgrass , Hycrest crested wheatgrass , and Sandberg 
bluegrass were germinated on moistened filter paper at 10/20°C night / day temperature 
with a 12-h photoperiod . When the primary root reached 2 mm in length, eight and five 
pre-germinated seeds of the same species were planted into the peripheral and the center 
regions of the same dungpats at the same depth, respectively (Figure 1 ). Planting heights 
were 0.5 cm from the bottom of the dungpat for 1.0-cm-thick dungpats, 0.5 and 1.5 cm 
from the bottom of the dungpat for 2.0-cm-thick dungpats, and 0.5, 2.0, and 3.5 cm from 
the bottom of the dungpat for 4.0-cm-thick dungpats (Figure 2). Separate dungpats were 
used for each species/ thickness/planting height treatment, and seeds were spaced a 
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minimum of 8 cm apart in the peripheral and core regions. 
During the experiment, emerging seedlings were grouped into cohorts and their 
location and planting depth were noted for each species. Seedlings were harvested 60 
days after planting of pre-germinated seeds into the dungpats. Seedlings were measured 
for height, number of tillers per plant, and number of leaves per tiller. Additionally, after 
seedlings were harvested they were dried in an oven at 60 °C for 48 hand weighed on a 
per plant basis. Soil samples were taken from randomly chosen plastic containers at three 
different depths of 0-5, 15-20, and 33-38 cm form the soil surface (top , middle, and 
bottom) to measure moisture content of the soil gravimetrically at the end of the 
experiment period (Gordon et al., 1992). 
Experimental design and analysis 
The experimental design was a four-way factorial arranged in a randomized block 
design with three replications for each treatment. The four factors were species, 
supplemental water, dungpat treatments ( dungpat thicknesses and planting height in 
dungpats), and planting location (periphery and center). Seedling emergence was 
analyzed by analysis of variance using the GLM procedure, and means were separated by 
the LSD method (P<0.05) (Zar, 1996). Moisture percentages for soil were arcsine-
transformed and analyzed in a completely randomized design using a mixed model, and 
means were separated using Tukey's test (P<0.05) (Zar, 1996). Seedling survival was 
analyzed by the Lifereg test, and differences among treatments were compared by the 
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likelihood ratio chi-square test (P<0.05) (SAS Institute , 1994). Tiller and aboveground 
biomass data were analyzed using analysis of variance with the GLM model, and 
treatment means were separated using the LSD method (Zar, 1996). 
Results 
Experiment 1 
Data for species, seed location , and seed planting height main effects indicated 
that a relatively small percentage of pre-germinated seeds developed both coleoptiles and 
radicles that emerged from dungpats over the 60-day growing period (Table 5) (see 
Tables A. 5, A. 6, A. 7, and A. 8 in Appendix for ANO VA) . Greater than 75% of the pre-
germinated seeds for bluebunch wheatgrass and Sandberg bluegrass failed to extend 
coleoptiles into the atmosphere and radicles into the underlying soil. An almost identical 
seedling response was noted for pre-germinated seeds located in the peripheral and 
central regions of dungpats . As height of seed placement from the bottom of dungpats 
increased from 0.5 to 3.5 cm, more seedlings failed to extend both coleoptiles and 
radicles out of dungpats . Fewer developing seedlings extended only a coleoptile or only a 
radicle out of dungpats (Table 5). Seedlings exhibiting only coleoptile emergence were 
more prevalent in the periphery than in the center of dungpats, and as height of seed 
placement from the bottom of dungpats increased from 0.5 to 3.5 cm. Seedlings 
exhibiting only radicle emergence were more prevalent in the center than in the periphery 
of dungpats, and as height of seed placement from the bottom of dungpats decreased from 
3.5 to 0.5 cm. 
The two-way interaction between species and seed planting-height in dungpats 
indicated that a significantly higher percentage of blue bunch wheatgrass and Sandberg 
bluegrass seedlings developing from seeds at 0.5 cm from the bottom of dungpats were 
Table 5 
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Percentage of seedlings that had coleptile and/or radicle emergence from dungpats . Means 
are presented for main factors : species, seed location in dungpats, and planting height in 
dungpats. Means with different letters (a-c) are significantly different in each column for 
each main factor as determined by the LSD test (P<0.05) 
Type of seedling emergence 
No coleptile Coleptile Radicle Radicle and 
or radicle emergence emergence coleptile 
emergence only only emergence 
Factors 
Species 
Bluebunch wheatgrass 76.16a 3.29a 9.30a 11.25a 
Sandberg bluegrass 83.66b 1.30b 9.54a 5.50b 
Seed location in dungpats 
Periphery 76.85a 3.47a 6.25a 13.43a 
Center 82.96b 1.11 b 12.59b 3.34b 
Planting heights in dungpats (cm from bottom of dungpat) 
0.5 cm 55.14a 0.00a 25.76a 19.1 0a 
2.0cm 88.26b 4.58b 1.80b 5.35b 
3.5 cm 96.32c 2.29c 0.69b 0.69c 
able to extend both coleoptiles and radicles out of dungpats compared to seedlings 
developing from seeds at 2.0 and 3.5 cm from the bottom of dungpats (Figure 3). At the 
0.5 cm seed planting height in dungpats, twice the number of bluebunch wheatgrass 
seedlings had both coleoptile and radicle emergence from dungpats than Sandberg 
bluegrass seedlings, emergence was similar among species at other depths . 
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Figure 3. Percentage of bluebunch wheatgrass and Sandberg bluegrass seedlings that had 
emergence of both the coleptile and radicle at different planting heights. Means with 
different letters (a-d) are significantly different for each species at different planting 
heights and for species at the same planting heights as determined by the LSD test 
(P<0.05). 
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The two-way interaction between seed location in dungpats and seed planting 
height in dungpats showed that a significantly higher percentage of seedlings developing 
from seeds placed in the peripheral region, 0.5 cm from the bottom of the dungpats, was 
able to extend both coleoptiles and radicles out of dungpats compared to seedlings 
developing from seeds at other seed location / seed planting height combinations (Figure 
4). 
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Figure 4. Percentage of seedling that had emergence of both the coleptile and radicle at 
different planting heights and dungpat locations. Means with different letters (a-d) are 
significantly different for different dungpat locations at the same planting height and for 
different planting heights at the same dungpat location as determined by the LSD test 
(P<0.05). 
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Because no Sandberg bluegrass seedlings and only three bluebunch wheatgrass 
seedlings emerged in the center region of dungpats , the location of seeds in dungpats 
(periphery and center) was not considered as a treatment in survival analysis (see Table 
A. 12 in Appendix). Over the course of the greenhouse study, 24 bluebunch wheatgrass 
seedlings emerged at different seed planting heights in the periphery of dungpats: 14 at 
the 0.5 cm planting height, seven at the 2.0 cm planting height, and three at the 3.5 cm 
planting height. By the end of the 60-day growing period, eight blue bunch wheatgrass 
seedlings remained alive at the 0.5 cm planting height. Eleven Sandberg bluegrass 
seedlings emerged in the periphery of dungpats during the study: seven at the 0.5 cm 
planting height, two at the 2.0 cm planting height , and two at the 3.5 cm planting height. 
At the end of 60 days, only two seedlings remained alive at the 0.5 cm planting height. 
When expressed as proportional survival: bluebunch wheatgrass seedlings had greater but 
not significantly greater survival than Sandberg bluegrass seedlings (Figure 5a); 
bluebunch wheatgrass seedlings that emerged at seed planting heights of 0.5 and 2.0 cm 
had significantly greater survival than those emerging at 3 .5 cm from the bottom of 
dungpats (Figure 5b); and Sandberg bluegrass seedlings that emerged at 0.5 cm from the 
bottom of dungpats had significantly greater survival than those that emerged at a seed 
planting height of 3 .5 cm (Figure 5c ). 
Due to the low numbers of seedlings of both species emerging at 3 .5 cm from the 
bottom of dungpats, this seed planting height was eliminated for the analysis of primary 
root length (rooting depth), plant height, and number of tillers per plant (see Tables A.9, 
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Figure 5. Proportional survival of seedlings of: a) bluebunch wheatgrass and Sandber g 
bluegrass across all planting heights, b) bluebunch wheatgrass at different planting 
heights, and c) Sandberg bluegrass at different planting height. Planting height refers to 
depth of planting from bottom of dungpat. 
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A. 11 in Appendix). Primary root lengths for seedlings of both species, regardless of seed 
planting height, were less than 3 and 6 cm, respectively, 10 and 30 days after planting 
pre-germinated seeds in dungpats (Figure 6). After 60 days, primary root lengths for 
seedlings developing 0.5 cm from the bottom of dungpats were 20 cm, or four times 
greater than for seedlings developing at the 2.0 cm seed planting height. Seed planting 
30 
25 
-§ 20 
-
.c: 
+,I 
g> 15 
Q) 
-
+,I 
0 10 0 
0::: 
5 
0 
a a 
10 
[ • 0.5 cm D 2.0 cm [ 
b 
ab 
30 
Days 
C 
a 
60 
Figure 6. Total length of primary roots of blue bunch wheatgrass and Sandberg bluegrass 
seedlings extending from dungpats into underlying soil at different harvest times (10, 30, 
and 60 days after planting seeds). Seeds were planted 0.5 and 2.0 cm from the bottom of 
dungpats. Means with different letters (a-c) are significantly different for different 
planting heights at the same harvest time and for different harvest times · at the same 
planting height as determined by the LSD test (P<0.05). 
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height in dungpats did not have a significant influence on plant height and number leaves 
per tiller of emerged seedlings (see Tables A. 10 and A.11 in Appendix). The mean 
heights for bluebunch wheatgrass and Sandberg bluegrass seedlings were 4.8 and 2.1 cm, 
respectively, after 60 days. Seed planting height in dungpats did not have a significant 
effect on the number of tillers per seedling (due to low tiller number it was not analyzed). 
After 60 days, most seedlings of both species had only one tiller, while three bluebunch 
wheatgrass seedlings had two or more tillers . 
Seedling emergence, survival, and development were influenced by 
environmental conditions during the study period. Mean daily maximum and minimum 
air temperatures in the greenhouse were 27.9 ± 0.5 and 16.1 ± 0.2 °C, respectively . The 
moisture content of the surface soil underlying dungpats , initially at field capacity 
(14.8%), decreased by½ and¼, respectively, 10 and 30 days after starting the experiment 
(Figure 7a). This upper soil layer was always significantly drier than the middle and 
bottom soil layers in the containers throughout the experiment (see Table A. 13 in 
Appendix). Moisture contents of middle and bottom soil layers remained near 10 and 
12%, respectively, over the 60-day period . Dungpat moisture content, initially at 85%, 
dropped to about 60 and 40%, respectively , in center and peripheral regions 10 days into 
the experiment, and remained below 10% in both dungpat regions for the remainder of 
the experiment (Figure 7b ). Moisture contents were significantly higher in the center than 
in the periphery of dungpats during the first 30 days of the experiment (see Table A. 14 in 
Appendix). 
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Figure 7. Percent moisture content of: a) soil at different depths in the 38 cm-deep 
containers , and b) dung at peripheral and center regions of dungpats, at different seedling 
harvest times (10, 30, and 60 days after planting seeds). Soil moisture means with 
different letters (a-d) are significantly different for harvest times at the same soil depth 
and for soil depths at the same harvest period, and dung moisture means with different 
letters (a-d) are significantly different for harvest times at the same dungpat location and 
for dungpat locations at the same harvest time, as determined by Tukey's test (P<0.05). 
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Experiment 2 
Some statistical analyses were modified based on seedling emergence patterns in 
the various treatments. Dungpat location (periphery vs center) was eliminated as a main 
effect because only 13 seedlings emerged in the center of dungpats . The dungpat 
treatment main effect, originally a combination of different seed planting heights in 
dungpats with different thicknesses, was split into a separate seed planting height in 
dungpat main effect and a separate dungpat thickness main effect. 
Significant differences for seedling emergence were noted for all main effects 
(Table 6) (see Tables A. 15, A. 16, and A. 17 in Appendix) . Hycrest crested wheatgrass 
had greater emergence than bluebunch wheatgrass and Sandberg bluegrass . More 
seedlings emerged under the supplemental watering regime that simulated a wet spring 
than under the control watering regime that simulated gradual drying of soil initially at 
field capacity. Seedling emergence was higher in 1- and 2-cm-thick dungpats than in 4-
cm-thick dungpats . Seedling emergence was also higher when seeds were planted 0.5 cm 
from the bottom of dungpats than when seeds were planted 1.5, 2.0, and 3.5 cm from the 
bottom of dungpats . More specific seedling emergence patterns were noted for the 
interaction between dungpat thickness and seed planting height in dungpats (Table 7). 
Significantly more seedlings emerged when seeds were planted 0.5 cm from the bottom 
of dungpats than at greater heights in 2- and 4-cm-thick dungpats. And, there were no 
significant differences in seedling emergence from seeds planted 0.5 cm from the bottom 
of dungpats in 1-, 2-, and 4-cm-thick dungpats . 
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Table 6 
Percentage of seedling emergence in dungpats for main effects: species, watering regime , 
dungpat thickness, and seed planting height in dungpats. Means with different letters (a-b) 
are significantly different within each main effect as determined by the LSD test (P<0.05) 
Main effect 
Species 
Hycrest crested wheatgrass 
Blue bunchwheatgrass 
Sandberg bluegrass 
Watering regime 
Supplemental water 
No supplemental water 
Dungpat thicknesses ( cm) 
1.0 
2.0 
4.0 
Seed planting height in dungpat ( cm) 
0.5 
1.5 
2.0 
3.5 
Emergence (%) 
69.la 
54.8b 
58.0b 
72.4a 
48 .8b 
75.7a 
69.8a 
49 .5b 
77.3a 
54.2b 
36.8b 
41.0b 
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Table 7 
Percentage of seedling emergence in dungpats for the interaction between dungpat thickness 
and seed planting height in dungpats . Means with different letters (a-b) are significantly 
different for dungpat thicknesses at 0.5 seed planting height and for seed planting heights at 
2.0 and 4.0 cm dungpat thicknesses as determined by the LSD test (P<0.05) 
Dungpat thickness ( cm) 
Seed planting 
height (cm) 1.0 2.0 4.0 
0.5 75.7a 85.4a 70.8a 
1.5 * 54.2b 
2.0 36.8b 
3.5 41.0b 
*No seeds planted at this height for this dungpat thickness . 
Since water availability had the greatest influence on seedling longevity in 
dungpats (Table 6), survival data for species , dungpat thickness , and seed planting height 
in dungpats are presented in the context of supplemental and control watering regimes 
(see Table A. 19 in Appendix ). Proportional survival of seedlings across all dungpat 
thicknesses and seed planting heights was significantly higher for Hycrest crested 
wheatgrass and bluebunch wheatgrass than for Sandberg bluegrass, with (Figure 8a) and 
without (Figure 8b) supplemental water. The estimated number of days survived by 
seedlings of all three species was over three times greater when supplemental watering 
simulated a wet spring. Proportional survival of seedlings of the three species across all 
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Figure 8. Proportional survival of bluebunch wheatgrass (blue), Hycrest crested 
wheatgrass (hy), and Sandberg bluegrass(sand) seedlings with (a) and without (b) 
supplemental water. 
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dungpat thicknesses decreased as seed planting height from the bottom of dungpats 
increased from 0.5 to 3.5 cm in both watering regimes (Figure 9). In all instances , 
survival was significantly higher for seedlings that emerged from seeds at the 0.5 cm 
height than at the 1.5, 2.0, and 3.5 cm heights . Trends in proportional seedling survival 
were different for each species with changes in dungpat thickness in both watering 
regimes (Figure 10). Survival of bluebunch wheatgrass seedlings decreased as dungpat 
thickness changed from 2.0 to 4.0 to 1.0 cm (Figure 1 0a and b ). Survival of Hycrest 
crested wheatgrass seedlings declined as dungpat thickness changed from 2.0 to 1.0 to 4.0 
cm (Figure 1 0c and d). And, survival of Sandberg bluegrass seedlings decreased as 
dungpat thickness decreased from 4.0 to 2.0 to 1.0 cm (Figure 1 0e and f) . 
Data analyses for aboveground biomass and numbers of tillers per plants were 
modified due to low numbers of surviving seedlings at the 3.5 cm seed planting height in 
dungpats , in the center region of dungpats , and in the control watering regime (see Tables 
A. 20 and A. 21 ). There were no clear trends in aboveground biomass production for the 
three species at different seed planting heights in different dungpat thicknesses with the 
exception of bluebunch wheatgrass and Hycrest crested wheatgrass having significantly 
greater biomass than Sandberg bluegrass (Table 8). 
Tiller production (number of tillers per plant) also tended to be lower for 
Sandberg bluegrass than for bluebunch wheatgrass and Hycrest crested wheatgrass at 
different seed planting heights in different dungpat thicknesses (Table 9). 
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Figure 9. Proportional survival of seedlings at different dungpat planting heights (0.5, 
1.5, 2.0, and 3.5 cm from bottom of dungpat) and supplemental watering treatments: 
bluebunch wheatgrass (a) with and (b) without water, Hycrest crested wheatgrass (c) with 
and (d) without water, and Sandberg bluegrass (e) with and (f) without water. 
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Figure 10. Proportional survival of seedlings at different dungpat thicknesses (1.0, 2.0, 
and 4.0 cm thick) and supplemental watering treatments: bluebunch wheatgrass (a) with 
and (b) without water, Hycrest crested wheatgrass (c) with and (d) without water, and 
Sandberg bluegrass with (e) and without (f) water. 
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Table 8 
Aboveground biomass (g.plant- 1) of seedlings of Hycrest crested wheatgrass, bluebunch 
wheatgrass , and Sandberg bluegrass at different planting heights (from bottom of dungpat) 
in different dungpat thicknesses. Means with different letters (a-c) are significantly different 
within columns and within rows as determined by the LSD test (P<0.05) 
Dungpat thickness ( cm) 
Planting heights ( cm) 
Species 
Bluebunch wheatgrass 
Hycrest crested wheatgrass 
Sandberg bluegrass 
1.0 
0.5 
0.27ac 
0.34a 
0.04d 
2.0 
0.5 
0.34a 
0.21b 
0.06d 
1.5 
0.09cd 
0.23b 
0.04d 
4.0 
0.5 
0.17c 
0.33a 
0.05d 
2.0 
0.16cd 
0.13cd 
O.Old 
Seedling emergence and survival, and aboveground biomass and tiller production 
were influenced by environmental conditions . Mean daily maximum and minimum air 
temperatures in the greenhouse were 18.5 ± 0.3 and 13.8 ± 0.2 °C, respectively , over the 
60-day growing period. At the end of the study, moisture contents in the different soil 
layers underlying dungpats were three times higher in the supplemental watering regime 
(13-17% moisture) than in the control watering regime (3-6% moisture) (Figure 11) (see 
Table A. 18 in Appendix for ANOV A). 
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Table 9 
Tiller production (no.tillers /plant - 1) of seedlings ofHycrest crested wheatgrass, bluebun ch 
wheatgrass, and Sandberg bluegrass at different planting heights (from bottom of dungpat ) 
in different dungpat thicknesses. Means with different letters (a-c) are significantly different 
within columns and within rows as determined by the LSD test (P<0.05) 
Dungpat thickness (cm) 1.0 
Planting heights (cm) 0.5 
Species 
Bluebunch wheatgrass 8.18a 
Hycrest crested wheatgrass 5.45bd 
Sandberg bluegrass 3.63bc 
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Figure 11. Percent moisture content of soil at different depths in the 3 8-cm-deep 
containers with (water) and without (no water) supplemental water . Means with different 
letters (a-e) are significantly different for different depths under the same water treatment 
and for different water treatments at the same soil depth as determined by Tukey's test 
(P<0 .05). 
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Discussion 
Experiment 1 
Cattle dungpats have the potential to be favorable microhabitats for seedling 
establishment because of high nutrient and organic matter levels and enhanced water 
holding capacity (Ocurnpaugh et al., 1996), yet only a small percentage of developing 
bluebunch wheatgrass and Sandberg bluegrass seedlings in this experiment extended their 
coleoptiles and radicles out of dungpats and became successfully established . This low 
establishment can be attributed to the interaction of several factors, including dungpat 
characteristics, plant species characteristics, and environmental conditions. 
Dungpat thickness and surface crusting can strongly influence seedling 
emergence. Grass seedlings developing near the bottom of uniform, 4-cm-thick dungpats 
may not have enough reserves to extend their coleoptiles to the dungpat surface. 
Sandberg bluegrass emergence is greatest when the small seeds (1-2 mm diameter, 3-4 
mm length, 0.5 mg mass) are planted 0.5-1.0 cm deep in sandy loam and clay soils, and 
no emergence occurs when seeds are planted more than 3 cm deep in either soil type 
(Evans et al., 1977). The recommended planting depth for larger bluebunch wheatgrass 
seeds (1-2 mm diameter, 8-9 mm length, 2.3 mg mass) is between 1.3-1.9 cm (Wasser, 
1982). Grass seedlings developing at almost any depth in uniform, 4-cm-thick dungpats 
may not have the reserves to penetrate through a rapidly developing surface crust. Akbar 
et al. (1995), working with the same type of dungpat under the same greenhouse and 
watering (no supplemental water) conditions as in this study, observed that c':1.lst 
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thickness increased several millimeters each week during the first 4 weeks after dungpat 
placement , and prevented most of the developing Hycrest crested wheatgrass seedlings 
from emerging. Dungpat crusts may not create such a great mechanical resistance to 
coleoptiles and radicles in other environments where precipitation events can soften 
crusts and allow emergence (Akbar, 1994). 
Even though crusting occured on all surfaces of the 4-cm-thick dungpats , 
bluebunch wheatgrass and Sandberg bluegrass seedlings developing at the periphery, 0.5 
cm from the bottom of the dungpat , had the greatest opportunity for successful 
establishment. After penetrating through only a few millimeters of dung at this location , 
coleoptiles could facilitate the emergence of the first leaf, and radicles could rapidly 
penetrate into the surface soil. Seedlings developing higher in the periphery and at all 
depths in the center of dungpats had to extend coleoptiles and/or radicles through 
considerably more dung . Crested wheatgrass seedling establishment was also greatest at 
the dungpat periphery near the soil surface in other field and greenhouse studies with 4-
cm-thick , artificial dungpats (Akbar , 1994; Akbar et al., 1995; Auman et al., 1998). 
Rapid development of root systems is important for successful plant establishment 
in many rangeland environments (Coyne & Bradford, 1985; Newman & Moser , 1988; 
Aguirre & Johnson, 1991 ). Root development in many of the bluebunch wheatgrass and 
Sandberg bluegrass seedlings in the present study may have been slowed during the first 
several weeks as primary roots tried to penetrate through dung into the soil. Many of the 
primary roots that did penetrate through dung entered a surface soil layer that was drying 
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during this same .time period, from 14.8% moisture (field capacity) at day Oto 7.5% 
moisture at day 10 and 3% moisture at day 30 . The most successful seedlings, usually 
those that emerged at the dungpat periphery near the soil surface , had an earlier 
opportunity to elongate their primary roots beyond the soil drying front into the middle of 
the soil profile (10% moisture) and avoid desiccation (Harris & Wilson , 1970). 
Initial leaf and tiller development in seedlings of perennial grasses is associated 
with the length and branching of primary roots (Aguirre & Johnson , 1991 ). Most 
bluebunch wheatgrass and Sandberg bluegrass seedlings in dungpats had only one tiller a 
few centimeters in length , providing another indication that the primary roots of both 
species were not elongating and developing very rapidly in the drying surface soil 
underlying dungpats . 
Experiment 2 
This experiment addressed the effects of dungpat thickness and seed planting 
height in dungpats on seedling establishment more specifically than Experiment 1. 
Seedling emergence of bluebunch wheatgrass , Hycrest crested wheatgrass , and Sandberg 
bluegrass increased as dungpat thickness decreased from 4 to 2 to 1 cm. The 1 and 2 cm 
dungpat thicknesses were more within the range of the recommended seeding depths for 
bluebunch wheatgrass and Sandberg bluegrass (Evans et al., 1977; Wasser , 1982), as 
discussed in Experiment 1. Hycrest crested wheatgrass seeds are slightly smaller than 
bluebunch wheatgrass seeds ; however, Hycrest has excellent seedling vigor and can be 
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planted at deeper depths (Asay et al., 1991 ). In all three dungpat thicknesses (I, 2, and 4 
cm) , however , more seedlings still emerged and survived at the periphery, 0.5 cm from 
the bottom of dungpats , than elsewhere in dungpats. Thus , as in Experiment 1, it appears 
that seedling establishment is best where coleoptiles and radicles have the least amount of 
dung to penetrate , to allow the most rapid elongation of primary roots and leaves. 
The two watering regimes used in this experiment simulated: 1) a dry spring , 
where the soil profile is initially recharged to field capacity from snowmelt and then 
dries to deeper depths over time (control watering regime) ; and 2) a wet spring , where the 
soil profile is recharged to field capacity from snowmelt and frequent rainfall events 
maintain a fairly high moisture content in the upper soil layers (supplemental watering 
regime). Seedling emergence and survival for all grass species were significantl y higher 
under the supplemental watering regime than the control watering regime . The frequent 
waterings (approximatel y every 3-4 days) kept the dungpat surfaces moist , preventing 
formation of the hard crusts that were common on dungpats in the control watering 
regime and in Experiment 1. The absence of hard crusts allowed more developing 
seedlings to extend coleoptiles and radicles out of dungpats more rapidly . Frequent 
waterings also promoted root growth and development in the soil beneath dungpats 
(Aguirre & Johnson, 1991 ). 
Of the three grass species, Sandberg bluegrass consistently had the lowest 
emergence, survival, aboveground biomass , and tiller production in the. different dungpat 
treatments . These responses can be related to its small seed size, low seedling vigor, and 
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shallow rooting habit (within 10 cm of soil surface) (Wasser, 1982; Larson et al., 1997). 
Smaller seeded species tend to have lower seedling emergence at most planting depths 
than larger seeded species (Jurado & Westoby , 1992; Leishman & Westoby, 1994; 
Limbach & Call, 1995). Seedlings with inherently low seedling vigor would have the 
greatest difficulty penetrating through the dung substrate, particularly through a surface 
crust that was several millimeters thick. Shallow-rooted species, such as Sandberg 
bluegrass , rely heavily on surface soil moisture, and generally complete their growth as 
the upper soil dries in late spring (Larson et al., 1997). Thus, dungpats would have to be 
deposited early in the growing season or under favorable spring precipitation conditions 
to realize any seedling establishment with this species . 
Conclusions 
These complementary greenhouse experiments examined the effects of dungpat 
thickness , seed planting height in dungpats, and watering regimes on the emergence, 
survival , and development of seedlings of blue bunch wheatgrass , Hycrest crested 
wheatgrass, and Sandberg bluegrass. Seedling establishment generally improves as 
dungpat thickness decreases from 4 to 2 cm. Regardless of dungpat thickness and 
watering regime, seedling establishment for all species was greatest when seeds were 
planted at the periphery of dungpats near the soil surface (0.5 cm from the bottom of 
dungpats). Supplemental watering, simulating frequent precipitation events during a wet 
spring, facilitated seedling establishment by maintaining dungpat moisture content and 
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reducing surface crusts that restrict seedling emergence. Hycrest crested wheatgrass and 
bluebunch wheatgrass had better seedling establishment in dungpats than Sandberg 
bluegrass. These results should be interpreted with some caution , as they are based on the 
use of artificial , uniform dungpats placed in a controlled environment that does not 
simulate the variability in abiotic and biotic factors found in field environments . 
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CHAPTER IV 
SEEDLING EMERGENCE IN NATURALLY AND ARTIFICIALLY DEPOSITED 
CATTLE DUNGPATS 3 
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A field study was conducted to examine seedling emergence of 'Hycrest ' crested 
wheatgrass [ Agropyron desertorum (Fisch. ex Link) Schult. X A. cristatum (L.) Gaert.], 
bluebunch wheatgrass [Psuedoroegneria spicata (Pursh) A. Love}, and Sandberg 
bluegrass (Poa secunda Pres/.) in naturally and artificially deposited dungpats with 
different thicknesses. Holstein heifers were fed 60,900 seeds of each species . Dung 
containing passed seeds was collected from animals 24 h later, formed into uniform, 
artificial dungpats (2 kg in mass) with thicknesses of 1, 2, and 4 cm, and respective 
diameters of 40, 28, and 20 cm, and deposited on bare soil. Other animals , handled in 
the same manner, were used to naturally deposit dungpats varying naturally in mass, 
thickness , and diameter on bare soil. Seedling emergence for all dungpat types was 
greatest for crested wheatgrass, followed by Sandberg bluegrass and blue bunch 
wheatgrass . Seedling emergence for all species decreased as artificial dungpat thickness 
increased from 1 to 4 cm, and was lowest in natural dungpats. Most seedlings , 
regardless of species, emerged near the center of 1- and 2-cm-thick artificial dungpats 
and at the periphery of 4-cm-thick artificial dungpats . Most seedlings of crested 
wheatgrass and Sandberg bluegrass emerged in cracks and depressions near the center 
3Coauthored by F. Gokbulak and C. A. Call. 
of natural dungpats, while a much lower number of bfuebunch wheatgrass seedlings 
emerged in the center and at the periphery. 
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Cattle dungpats can create favorable microsites for the germination of passed 
seeds and for subsequent plant establishment. When compared to soil seedbeds in many 
rangeland environments, recently deposited dungpats often have higher fertility and water 
holding capacity, and they can reduce competition with existing vegetation (Ocumpaugh 
et al., 1996). As dungpats disintegrate, they can enhance physical and chemical 
properties of the underlying soil (Herrick & Lal, 1995). 
Several studies have monitored plant establishment from passed seeds in cattle 
dungpats in different rangeland environments. Dungpats facilitated the recruitment of 
grass and forb species in a heather moorland (Welch , 1985) and a Mediterranean pasture 
(Malo & Suarez, 1995a, 1995b), mesquite (Prosopis gfandufosa var . gfandufosa Torr.) in 
a subtropical , savanna woodland (Brown & Archer, 1987), and Hycrest crested 
wheatgrass [Agropyron desertorum (Fisch. Ex Link) Schult. X A .. cristatum (L.) Gaert .] 
in a sagebrush (Artemisia tridentata Nutt.) steppe (Akbar, 1994; Auman et al., 1998). 
Akbar ( 1994) intensively studied cattle dungpat microenvironmental conditions in 
relation to Hycrest crested wheatgrass establishment from passed seeds over an entire 
growing season. Dungpats had higher moisture contents and a greater range between 
maximum and minimum temperatures than adjacent soil seedbeds. A crust developed on 
the surface of dungpats as soon as they were placed in the field in the spring . Crust 
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thickness increased rapidly as dungpat temperatures and evaporation rat1es increased, and 
tended to inhibit the emergence of crested wheatgrass seedlings after sev eral weeks. 
Seedling recruitment and development were greatest at the peripheral re·gion compared to 
the center of dungpats. In a follow-up study, Auman and coworkers (19198) reported that 
cattle dungpats could suppress existing perennial grass vegetation , i.e., squirreltail 
[ Elymus elymoides (Raf.) Swezey] plants , and facilitate the establishment of crested 
wheatgrass from passed seeds. 
Many of the experiments investigating seedling emergence , establishment , and 
survival in cattle dungpats have used artificially deposited dungpats with uniform 
characteristics . For example , Akbar (1994) and Auman et al. (1998) used artificial 
dungpats that were 20 cm in diameter and 4 cm thick in their crested wheatgrass 
establishment studies. There is little information available concerning the effects of 
dungpat thickness on seedling recruitment , or comparing seedling recruitment in uniform , 
artificially deposited dungpats and more variable , naturally deposited dungpats . This 
field study was conducted to examine seedling emergence for three desirable, perennial 
grass species in naturally deposited dungpats and artificially deposited dungpats with 
different thicknesses. 
Materials and Methods 
Plant Species 
Bluebunch wheatgrass [Psuedoroegneria spicata (Pursh) A. Love], Sandberg 
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bluegrass (Poa secunda Pres!.), and Hycrest crested wheatgrass were selected for this 
experiment based on their desirability as revegetation species and differences in their 
seedling establishment abilities. Bluebunch wheatgrass and Sandberg bluegrass seeds can 
survive passage through the cattle digestive tract (see Chapter II), as can seeds of Hycrest 
crested wheatgrass (Al-Mashikhi, 1993). Hycrest crested wheatgrass is more vigorous, 
productive, and easier to establish than bluebunch wheatgrass and Sandberg bluegrass in 
most upland rangeland environments (Wasser, 1982; Asay et al., 1991). 
Site Description 
The experiment was conducted at the Green Canyon Research Area located 4 km 
north of the Utah State University campus (41 ° 45' N, 111 ° 48' W), at an elevation of 
1460 m. The gravelly loam soil (loamy-skeletal, carbonic , mesic , Typic Haploxeroll) is 
well drained and has a pH of 7. 9. Dominant vegetation consists of big sagebrush 
[Artemisia tridentata Nutt.] , bluebunch wheatgrass [Pseudoroegneria spicata (Pursh) 
Scribn. and Smith], and arrowleaf balsarnroot [Balsamorhiza sagittata (Pursh) Nutt .] 
(USDA, 1974). Average annual precipitation is about 420 mm and most of it falls as 
snow from November through March . Summers are generally dry. The average yearly 
maximum and minimum temperatures are 14.8°C and 2.8°C, respectively. The highest 
daily temperature in summer can reach 37.8°C, and the lowest daily temperature in 
winter can reach-29.4°C . The frost-free season is 130-150 days (Ashcroft et al., 1992). 
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Animal Feeding and Dung Collection 
Twelve Holstein heifers at the USU Caine Dairy Farm were used in this 
experiment during April 1998. Animal feeding and handling were the same as described 
in Chapter II. Four animals each were fed 60,000 seeds of bluebunch wheatgrass , 
Hycrest crested wheatgrass , and Sandberg bluegrass. At the time of maximum seed 
passage (24 h after feeding seeds), dung was collected from two animals receiving each 
plant species for preparation of artificial dungpats . The other two animals receiving each 
plant species were brought to the Green Canyon Research Area to deposit natural 
dungpats . 
Dungpat Treatments 
Artificial and natural dungpats were deposited on bare soil at the Green Canyon 
Research Area, and they were a minimum of 0.5 m away from each other . The three 
artificial dungpat treatments had the same mass (2 kg) but different diameters and 
thicknesses. Dungpats with diameters of 20, 28, and 40 cm had thicknesses of 4.0, 2.0, 
and 1.0 cm, respectively. Naturally deposited dungpats varied in mass , diameter , and 
thickness. Since the mass of most natural dungpats was less than 2 kg (range of 0.8-2.5 kg 
in mass), the number of seedlings emerged in the natural dungpats was adjusted to those 
for artificial dungpats on a dungpat volume basis. Dungpats were monitored for seedling 
recruitment on a weekly basis during the 1998 growing season. Seedling recruits were 
grouped into weekly cohorts and marked with colored wire rings to note their time of 
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emergence and location on dungpats. 
Experimental Design and Analysis 
The experiment was a three-way factorial arranged in a completely randomized 
design with six replications for each treatment. The three factors were plants species, 
dungpat types, and weekly cohorts. Dungpats were the experimental units. Seedling 
emergence in dungpats was analyzed by analysis of variance using the General Linear 
Model procedure, and means were separated using Fisher's LSD method (P<0.05). 
Seedling recruits in naturally deposited dungpats were grouped according to depth of 
emergence (i.e., 1 cm for emergence between 0.1 and 1.0 cm depths, 2 cm for emergence 
between 1.1 and 2.0 cm depths, 3 cm for emergence between 2.1 and 3.0 cm depths, 4 cm 
for emergence between 3.1 and 4.0 cm depths , and 5 cm for emergence between 4.1 cm 
and deeper depths), and a chi-square test was used to determine the relationship among 
species, depth of seedling emergence , location of seedling emergence, and weekly 
recruitment. 
Results 
All main effects and their interactions were statistically significant (see Table A. 
22 in Appendix). Results for plant species and dungpat type main effects, the 2-way 
interaction between plant species and dungpat type, and the 3-way interaction between 
plant species, dungpat type, and weekly cohorts are presented in Table 10. Seedling 
emergence across all dungpat types and weekly cohorts was highest for Hycrest crested 
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wheatgrass, followed by Sandberg bluegrass , which was higher than bluebunch 
wheatgrass (Table 10). Of the six cohorts of seedlings emerging for the three species 
during weeks 3 to 9 after dungpat deposition, the highest number of seedlings emerged in 
cohort 4 (week 7). Seedling emergence across all species and cohorts decreased as 
artificial dungpat thickness increased from 1 to 4 cm, and was lowest for natural 
dungpats . The same trend occurred when the four dungpat types were analyzed across 
weekly cohorts within each species. Three-way interactions revealed some interesting 
patterns in seedling emergence. No significant differences occurred among any 
bluebunch wheatgrass I weekly cohort / dungpat type treatment combinations because of 
low seedling emergence (maximum of 6.8 seedlings in cohort 4 on 4-cm-thick artificial 
. 
dungpats). A similar trend occurred for most Sandberg bluegrass / weekly cohort / 
dungpat type treatment combinations except for significantly higher seedling emergence 
(> 13 seedlings) in cohort 4 on 1- and 2-cm-thick artificial dungpats. Several significant 
differences occurred among Hycrest crested wheatgrass / weekly cohort I dungpat type 
treatment combinations, but the most obvious was the highest recorded seedling 
emergence value (73 seedlings) for cohort 1 on 1-cm-1hick artificial dungpats. Hycrest 
crested wheatgrass had consistently high seedling emergence in the first four cohorts on 
the different dungpat types. Sandberg bluegrass and bluebunch wheatgrass, on the other 
hand, had consistently low seedling emergence until the fourth and fifth cohorts on all 
dungpat types except for the 1-cm-thick artificial dungpats. 
Natural dungpats had considerable variability in thickness (<1 cm to> 5 cm) 
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Table 10 
Emergence (seedlings/dungpat) of cohorts of Sandberg bluegrass, bluebunch wheatgrass, and 
Hycrest crested wheatgrass seedlings in different dungpat types. Different letters (a-k) 
indicate significant differences for 3-way interaction means among cohorts for the same 
dungpat types and species, among different dungpat types for the same cohort and species, 
and among species for the same cohort and dungpat type; also (p-u) indicate significant 
differences for 2-way interactions among species and dungpat type; and (v-z) indicate species 
main effect, as determined by the LSD test (P<0.05) 
Dungpat type 
Cohorts natural 1 cm 2 cm 4 cm Total 
-----------------------------------------------Sandberg bluegrass--------------------------------------
1 0.8a 3.5a O.Oa O.Oabc 
2 l .8ad 4.5a 0.3a O.Oaci 
3 l .Oa 2.5a 0.3a O.Oac 
4 10.3bcf 13.0b 13.3b 4.3cd 
5 8.7df 8.5adf 9.6bcd 9.2dk 
6 l .3ad 4.8ad 4.8ad 2.8ad 
Total 23.9pq 36.8p 28.3pq 16.3pq 105.3v 
--------------------------- ------------------Blue bunch wheatgrass---------------------- --------------
1 0.3a 3.0a 0.8a O.Oab 
2 0.5a 5.8a 1.6a 0.2ai 
3 0.7a 0.8a 1.6a 0.3a 
4 1.3a 2.2a 5.5abc 6.8ac 
5 0.7a I .Oaf 2.5ac 2.0ad 
6 0.8a 0.8a 1.5a 0.3a 
Total 4.3q 13.6q 13.Sq 9.6q 41.0y 
--------------------------------------------H ycrest crested wheatgrass--------------------------------
1 10.2bf 73.0c 20.6d 5.2b 
2 10.8bf 45.8e 24.2d 8.6bi 
3 5.0af 16.3bi 25.5d 14.8i 
4 35.5g 38.0g 68.8ej 66.Sj 
5 11.3bfk 5.8f 9.8cfk 15.Sik 
6 2.8a 0.3a 1.2a l .5ab 
Total 75.6r 179.2s 150.lt 112.lu 517.0z 
1111 ei. o 
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compared to the uniformly-thick artificial dungpats. Most of the favorable microsites 
(cracks and depressions) for seedling emergence occurred in the central region of natural 
dungpats . The majority of Hycrest crested wheatgrass and Sandberg bluegrass seedlings 
emerged at the central region than at the peripheral region of natural dungpats , while 
similar (and much lower) numbers of bluebunch wheatgrass seedlings emerged at both 
regions (Figure 12). Most seedlings of the three grass species emerged from a seed depth 
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Figure 12. Seedling emergence of Sandberg bluegrass (sand), bluebunch wheatgrass 
(blue), and Hycrest crested wheatgrass (hy) at central and peripheral regions of natural 
dungpats. 
of 2 cm at the central region of natural dungpats, while most seedlings emerged from a 
seed depth of 1 cm at the periphery (Figure 13). Most seedlings, regardless of species, 
emerged at the central region of 1- and 2-cm-thick artificial dungpats and at the 
peripheral region of 4-cm-thick artificial dungpats (see Table A. 23 in Appendix for 
analysis). 
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Figure 13. Seedling emergence from different seed depths in natural dungpats . 
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Discussion 
Although differences in seedling numbers were statistically insignificant, total 
emergence was consistently lower in natural dungpats than in artificial dungpats for all 
species. Emergence in natural dungpats was greatly influenced by the availability of 
cracks and depressions. These favorable microsites that effectively reduced the thickness 
of dung through which seedlings emerged were quite variable across the surface of 
natural dungpats . When dung thickness was reduced to 1 or 2 cm in uniform , artificial 
dungpats, seedling emergence was highest for all species . 
Even though the substrates have different physical and chemical characteristics , 
the depth of passed seeds in dungpats of different thicknesses can be related to different 
seeding depths in soil seedbeds . Perennial grass species with small seeds (Sandberg 
bluegrass) and/or low seedling vigor (bluebunch wheatgrass) have higher seedling 
emergence when seeds are located in the upper 2 cm of the seedbed (McKell, 1972; 
Wasser , 1982). This was the case for Sandberg bluegrass and bluebunch wheatgrass in l 
and 2-cm-thick artificial dungpats, where seedlings were able to penetrate through dung 
at all locations on dungpats. When artificial dungpat thickness increased to 4 cm, 
seedling emergence for both species was restricted near the center of dungpats, and 
occurred primarily at the periphery near the soil surface where coleoptile elongation was 
not impeded by dung. Hycrest crested wheatgrass, noted for its high seedling vigor (Asay 
et al., 1991 ), had greater and earlier seedling emergence than Sandberg bluegrass or 
bluebunch wheatgrass at all locations in 1, 2, and 4 cm artificial dungpats. Hycrest 
crested wheatgrass may also have had higher amounts of germinable seed in dungpats 
than bluebunch wheatgrass. Al-Mashikhi (1993) fed 60,000 seeds of both species to 
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similar Holstein steers and recovered 1.5 times more Hycrest crested wheatgrass seed 
than bluebunch wheatgrass seed in dung. The germinability of recovered seeds was four 
times greater for Hycrest crested wheatgrass than for bluebunch wheatgrass. 
Although cattle dung contained about 85% water at the time of deposition, 
dungpats, especially thin dungpats, can lose moisture fairly rapidly to the atmosphere and 
underlying soil in arid and semiarid environments (Palmer & Bay, 1982; Akbar, 1994), 
which can influence seedling establishment. Frequent precipitation events recharged 
moisture levels in all dungpats and allowed seedlings of the three grass species to emerge 
over a 6-week period (weeks 3 to 9 after dungpat deposition) at the field site (Figure 14). 
The effect of favorable precipitation was particularly evident for the high numbers of 
seedlings in cohort 4 (Table 10), which emerged in response to 40 mm of rain during 
week 6 after dung deposition (Figure 14). In addition to providing moisture for 
germination and week seedling development processes, precipitation also kept the 
dungpats soft, and reduced surface crust formation, which restricted Hycrest crested 
wheatgrass seedling emergence in 4-cm-thick artificial dungpats in a previous study at the 
same field site (Akbar, 1994). 
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Figure 14. Weekly precipitation from April 13 (week 1) to June 15 ( week 10) for the 
1998 growing season at the study site. Seedling emergence for weekly cohorts 1-6 in 
Table 9 correspond to weeks 3-9 in this figure. 
Management Implications 
Artificially deposited dungpats have been used in place of naturally deposited 
dungpats in several studies (Barrow & Havstad, 1992; Gardener et al., 1993; Akbar et al., 
1995; Ocumpaugh et al., 1996; Auman et al. 1998) because : 1) dung can be mixed prior 
to deposition to ensure a more even distribution of passed seeds in dungpats; 2) 
uniformity in size and shape reduces the variability in substrate features ( diameter, 
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thickness , cracks , depressions) that influence germination and seedling development; and 
3) dungpats can be easily placed on different substrates in a variety of locations. Seedling 
establishment in artificial dungpats , however , may not be representative of that in natural 
dungpats. This study indicates that seedling emergence tends to be higher in artificial 
dungpats , particularly 1- to 2-cm-thick dungpats , than in natural dungpats . Seedling 
recruitment patterns also differ, with emergence occurring primarily in cracks and 
depressions near the center of natural dungpats, across the entire surface of 1- and 2-cm-
thick artificial dungpats , and at the periphery of 4-cm-thick artificial dungpats . 
Most small plot studies with artificial dungpats have been conducted on bare soil 
or herbicide-treated sites. More studies similar to Auman et al. ( 1998) need to be 
implemented in realistic rangeland environments , where seedling recruitment is evaluated 
on dungpats deposited in various sites, including those with existing vegetation. In the 
Auman et al. (1998) study, Hycrest crested wheatgrass seedlings emerged primarily at the 
periphery of 4-cm-thick (20-cm-diameter) artificial dungpats as they did in my study. 
This peripheral location allowed for good seedling establishment when dungpats were 
placed on bare soil and in low densities of perennial vegetation (squirrel tail) but not when 
dungpats were placed in low and high densities of annual vegetation [ cheatgrass (Bromus 
tectorum)] where developing crested wheatgrass seedlings were in the immediate vicinity 
of competing plants. If natural dungpats had been used, crested wheatgrass seedlings 
developing in cracks and depressions near the center of the dungpats may have taken 
greater advantage of the suppressive effect of the dungpat. Thus, results from small plot 
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studies with artificial dungpats should be viewed with caution when trying to extrapolate 
management recommendations to larger-scale field situations where natural dungpats will 
be deposited. 
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CHAPTER V 
SYNTHESIS 
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Livestock can be used to disseminate seeds of desirable plant species for the 
improvement of degraded rangelands (Archer & Pyke, 1991 ). Several studies have 
demonstrated that seeds of grass, forb, and woody species remain germinable after 
passing through the digestive tracts of ruminant animals (Wicklow & Zak, 1983; Simao 
Neto et al., 1987; Thomson et al., 1990; Barrow & Havstad, 1992; Gardener et al., 1993). 
Several other studies have monitored the establishment of plants from passed seeds in 
dung (Welch, 1985; Brown & Archer, 1987; Akbar, 1994; Malo & Suarez, 1995a, 1995b; 
Ocumpaugh et al., 1996). In many of these studies, animals were fed one specified 
amount of seed of selected plant species, and plant establishment was evaluated in 
artificially deposited dung with uniform characteristics. Since the amount of seeds fed to 
animals affects the cost and feasibility of this alternative revegetation strategy, questions 
arise about the appropriate amounts of seed that must be fed to animals to ensure plant 
establishment in dung. Other questions relate to how dung thickness and seed locations 
in dung affect seedling establishment. 
A series of laboratory, greenhouse, and field studies was developed to answer 
these questions for three common grass species that are valuable for revegetating 
Intermountain West rangelands. Bluebunch wheatgrass [Psuedoroegneria spicata 
(Pursh) A. Love], Hycrest crested wheatgrass [Agropyron desertorum (Fisch. ex Link) X 
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A. cristatum (L.) Gaert.] , and Sandberg bluegrass (Paa secunda Presl.) were selected 
because of their desirability as revegetation species, differences in the niches they occupy 
in upland range communities, and differences in their seed size and seedling vigor. 
An initial laboratory study (Chapter II) was designed to determine how feeding 
cattle different amounts of different sized seeds affected seed passage rate through the 
digestive tract, and the germinability of passed seeds. Cattle were fed 60,000, 30,000, 
15,000, and 7,500 seeds of blue bunch wheatgrass and Sandberg bluegrass, and feces 
containing passed seeds of each species were collected every day over a 4-day period. 
The recovery of passed seeds for both species generally declined as seed feeding levels 
decreased from 60,000 to 7,500 seeds per animal, and as time after ingestion increased 
from 1 to 4 days . Recovered seeds had lower germinability than noningested seeds for 
both species. Recovered Sandberg bluegrass seeds had higher germinability than 
recovered bluebunch wheatgrass seeds at all seed feeding levels and collection times. 
Two greenhouse studies (Chapter III) were conducted to determine how dungpat 
thickness, seed location in dungpats, and watering regime affected seedling emergence, 
survival, and development in cattle dungpats. In the first experiment ( 4-cm-thick 
dungpats placed on gradually drying soil), seedling emergence and survival, and total root 
length were greatest when seeds of blue bunch wheatgrass and Sandberg bluegrass were 
located in the dungpat periphery near the soil surface. Seed location did not affect tiller 
height or tiller production for both species. Overall, seedling emergence and survival 
were greater for bluebunch wheatgrass than for Sandberg bluegrass. In the secor:d 
experiment, (1-, 2-, and 4-cm-thick dungpats placed on gradually drying soils and on 
frequently watered soils), seedling emergence, survival, and development for Hycrest 
crested wheatgrass, bluebunch wheatgrass, and Sandberg bluegrass were greatest at the 
0.5 planting height, regardless of dungpat thickness. Supplemental watering facilitated 
seedling establishment by maintaining dungpat moisture content and reducing surface 
crusts, which restricted seedling emergence in the control watering regime (gradually 
drying soil). Sandberg bluegrass had the lowest seedling emergence and survival in this 
study also. 
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A field study, based on findings from the second greenhouse study, investigated 
the emergence of seedlings of Hycrest crested wheatgrass , blue bunch wheatgrass , and 
Sandberg bluegrass in naturally deposited dungpats , and artificially deposited dungpats 
with different thicknesses (1, 2, and 4 cm) . Seedling emergence for all species decreased 
as artificial dungpat thickness increased from 1 to 4 cm, and was lowest in natural 
dungpats . Seedlings emerging in natural dungpats did so in cracks and depressions near 
the center of dungpats . Seedling emergence for all dungpat types was greatest for Hycrest 
crested wheatgrass , followed by Sandberg bluegrass and bluebunch wheatgrass. 
Results from these experiments provide some answers to the questions posed in 
the opening paragraph of this chapter . It appears that cattle should be fed a minimum of 
60,000 seeds of bluebunch wheatgrass and Sandberg bluegrass to ensure that enough 
germinable seeds are available to establish at least one plant in a dungpat under field 
conditions. Although Hycrest crested wheatgrass was not included in the seed-feeding 
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experiment , it is apparent from the field experiment that a seed-feeding level of 60,000 
seeds per animal is more than adequate to establish one or more seedlings in artificial and 
naturally deposited dungpats. Seed location in dungpats exerts a strong influence on 
seedling emergence, survival, and development, particularly in 4-cm-thick dungpats. For 
uniform, artificial dungpats , the most favorable location is at the periphery near the soil 
surface. For natural dungpats, the most favorable location is in cracks and depressions 
near the center of dungpats . These locations are favorable because seedlings can elongate 
their coleoptiles and radicles through the least amount of dung and not be greatly 
restricted by surface crusting . Plant species characteristics also play an important role in 
seedling establishment in dungpats. Sandberg bluegrass is questionable as a candidate 
species for fecal seeding because of its small seed size, low seedling vigor, and shallow 
rooting depth. These characteristics prevented or slowed emergence and reduced survival 
in many of the dungpat treatments. Hycrest crested wheatgrass has the greatest potential 
for fecal seeding because of its high germinability after passing through the digestive tract 
and its high seedling vigor for rapidly emerging through dungpats. 
There are, however, several areas that require further investigation if the full 
potential of fecal seeding with cattle is to be realized: 
1) Animals in these experiments were fed a standard grass-hay diet. Diets of different 
quality, particularly those consisting of various grasses, forbs, and shrubs in different 
rangeland communities, can influence seed passage rates, germinability of passed seeds, 
and the composition, size, and shape of dungpats . More realistic diets should be used in 
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future seed passage studies. 
2) These studies were conducted either in a greenhouse environment or on bare soil in 
the field, in order to control as many experimental variables as possible. Future studies 
should be conducted in more realistic field settings where seedling establishment in 
dungpats is influenced by variable temperature and precipitation regimes, seed predators, 
and competing resident vegetation. 
3) It is time to move from individual container and small plot experiments to large-scale 
experiments in the field. Larger numbers of animals should be fed seeds and monitored 
for movement and defecation patterns across landscapes with variable topographic and 
vegetation conditions. Fecal seeding should be monitored for several years, from the 
. 
initial emergence of seedlings in dungpats to the subsequent dispersal of seeds from 
plants that successfully established in dungpats. 
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Table A. 1 
Analysis of variance for log-transformed seed recovery data 
Source of 
variation df ss MS F p 
Animals 7 4.3966 0.6281 0.69 0.6799 
Species (S) 1 43.4384 43.4384 47.60 0.0000 
Feeding Levels (L) 3 67.3136 22.4379 24.59 0.0000 
SxL 3 21.0208 7.0069 7.68 0.0003 
Error (a) 49 44 .7180 0.9126 
Day (D) 3 204.4775 68.1592 185.23 0.0000 
S xD 3 30.9856 10.3285 28.07 0.0000 
LxD 9 5.3847 0.5983 1.63 0.1103 
SxLxD 9 10.2990 1.1443 3.11 0.0017 
Error (b) 168 61.8204 0.3680 
Total 255 493 .8546 
94 
Table A. 2 
Analysis of variance for arcsine-transformed seed passage rate data 
Source 
of variation df ss MS F p 
Animals 7 0.00178 0.00025 0.5814 >l.000 
Species (S) 1 0.01331 0.01331 30.9535 <0.005 
Feeding level (L) 3 0.00701 0.00234 5.4419 <0.005 
SxL 3 0.01505 0.05017 116.6744 <0.005 
Error (a) 49 0.02114 0.00043 
Day (D) 3 0.05463 0.01821 113.8125 <0.005 
SxD 3 0.00573 0.00191 11.9375 <0.005 
LxD 9 0.00096 0.00011 0.6875 >0.25 
SxLxD 9 0.00458 . 0.00051 3.1875 <0.0025 
Error (b) 168 0.02819 0.00016 
Total 255 0.15238 
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Table A. 3 
Binomial chi-square test for seed germination data 
Source of 
variation df Chi-square p 
Control vs Passed seeds 1 209.22 0.0000 
Among control seeds 1 12.73 0.0004 
Species 1 132.19 0.0000 
Feeding Levels (L) 3 53.81 0.0000 
Days (D) 3 70.59 0.0000 
LxD 8 52.86 0.0000 
Table A. 4 
Analysis of variance for pre-germinated seeds that did not have emergence of both 
coleptile and radicle together in the dungpats 
Source of 
variation df ss MS F p 
Replication 2 0.002512 0.001256 
Species l 0.151875 0.151875 12.72 0.0017 
Location 1 0.100833 0.100833 8.44 0.0082 
Depth 2 3.429595 1.714797 143.57 0.0000 
SxL 1 0.055579 0.055597 4.65 0.0422 
SxD 2 0.036701 0.018351 1.54 0.2366 
LxD 2 0.002743 0.001372 0.11 0.8963 
SxLxD 2 0.030220 0.015110 1.27 0.3006 
Error (a) 22 0.262766 0.011944 
Harvest 2 0.160046 0.080023 10.42 0.0002 
SxH 2 0.001806 0.000903 0.12 0.8872 
LxH 2 0.030417 0.015208 1.98 0.1492 
DxH 4 0.080058 0.020014 2.61 0.0470 
SxLxH 2 0.020324 0.010162 1.32 0.2767 
SxDxH 4 0.004410 0.001102 0.14 0.9665 
LxDxH 4 0.020799 0.005200 0.68 0.6192 
SxLxDxH 4 0.047002 0.011751 1.53 0.2085 
Error (b) 48 0.368473 0.007677 
Total 107 4.806157 
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Table A. 5 
Analysis of variance of pre-germinated seeds that did not have both coleptile and radicle 
growth in the dungpats 
Source of 
variation df ss MS F 
p 
Replication 2 0.03574 0.01787 
Species 1 0.18959 0.18959 13.66 0.0013 
Location 1 0.10862 0.10862 7.83 0.0105 
Depth 2 0.21050 0.10525 7.59 0.0031 
SxL 1 0.00070 0.00070 0.05 0.8251 
SxD 2 0.00918 0.00459 0.33 0.7224 
LxD 2 0.01050 0.00525 0.38 0.6883 
SxLxD 2 0.03696 0.01848 1.33 0.2849 
Error (a) 22 0.30537 0.01388 
Harvest 2 0.19730 0.09865 6.25 0.0039 
SxH 2 0.04966 0.02483 1.57 0.2185 
LxH 2 0.01119 0.00560 0.35 0.7065 
DxH 4 0.01867 0.00467 0.30 0.8765 
SxLxH 2 0.01911 0.00955 0.61 0.5475 
SxDxH 4 0.10527 0.02632 1.67 0.1724 
LxDxH 4 0.07422 0.01856 1.18 0.3315 
SxLxDxH 4 0.02183 0.00548 0.35 0.8427 
Error (b) 48 0.75722 0.01578 
Total 107 2.16173 
Table A. 6 
Analysis of variance for pre-germinated seeds that had only radicle emergence in the 
dungpats 
Source of 
variation df ss MS F p 
Replication 2 0.006331 0.003166 
Species 1 0.000145 0.000145 0.02 0.8888 
Location l 0.108617 0.108617 16.00 0.0006 
Depth 2 1.444456 0.722228 l 06.38 0. 
SxL l 0.000145 0.000145 0.02 0.8888 
SxD 2 0.009873 0.004936 0.73 0.4932 
LxD 2 0.238900 0.119450 28.65 0. 
SxLxD 2 0.015428 0.007714 1.14 0.3380 
Error (a) 22 0.149363 0.006789 
Harvest 2 0.012720 0.006360 0.76 0.4732 
SxH 2 0.006470 0.003235 0.39 0.6792 
LxH 2 0.004387 0.002 l 93 0.26 0.7721 
DxH 4 0.018009 0.004502 0.54 0.7071 
SxLxH 2 0.042581 0.021291 2.55 0.0886 
SxDxH 4 0.006481 0.001620 0.19 0.9425 
LxDxH 4 0.023565 0.005891 0.71 0.5891 
SxLxDxH 4 0.056481 0.014120 1.69 0.1678 
Error (b) 48 0.400555 0.008345 
Total 107 2.544508 
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Table A. 7 
Analysis of variance for pre-germinated seeds that had only coleptile emergence in the 
dungpats 
Source of 
variation df ss MS F p 
Replication 2 0.002917 0.001458 
Species 1 0.010700 0.010700 5.10 0.0342 
Location 1 0.015052 0.015052 7.18 0.0137 
Depth 2 0.037813 0.018906 9.02 0.0014 
SxL 1 0.004219 0.004219 2.01 0.1703 
SxD 2 0.012650 0.006325 3.02 0.0694 
LxD 2 0.010035 0.005017 2.39 0.1150 
SxLxD 2 0.005243 0.002622 · 1.25 0.3061 
Error (a) 22 0.046111 0.002096 
Harvest 2 0.007604 0.003802 1.25 0.2957 
SxH 2 0.005428 0.002714 0.90 0.4133 
LxH 2 0.029826 0.014913 4.92 0.0114 
DxH 4 0.010729 0.002682 0.88 0.4830 
SxLxH 2 0.003576 0.001788 0.60 0.5529 
SxDxH 4 0.010127 0.002532 0.84 0.5067 
LxDxH 4 0.016285 0.004071 1.38 0.2549 
SxLxDxH 4 0.017535 0.004384 1.45 0.2322 
Error (b) 48 0.145556 0.003032 
Total 107 0.391406 
Table A. 8 
Analysis of variance for pre-germinated seeds that had both coleptile and radicle 
emergence together in the dungpats 
Source of 
variation df ss MS F p 
Replication 2 0.014664 0.007332 
Species 1 0.088981 0.088981 19.65 0.0002 
Location 1 0.275023 0.275023 60.72 0. 
Depth 2 0.659248 0.329624 72.78 0. 
SxL 1 0.033426 0.033426 7.38 0.0126 
SxD 2 0.092025 0.046013 10.16 0.0007 
LxD 2 0.389803 0.194902 43.03 0. 
SxLxD 2 0.022581 0.011291 2.49 0.1060 
Error (a) 22 0.099642 0.004529 
Harvest 2 0.105880 0.052940 7.45 0.0015 
SxH 2 0.011991 0.005995 0.84 0.4380 
. 
LxH 2 0.005880 0.002940 0.41 0.6660 
DxH 4 0.069850 0.017462 2.46 0.0579 
SxLxH 2 0.017546 0.00877 3 1.23 0.3013 
SxDxH 4 0.012627 0.003157 0.44 0.7791 
LxDxH 4 0.014294 0.003573 0.50 0.7358 
SxLxDxH 4 0.007072 0.001768 0.25 0.9083 
Error (b) 48 0.341113 0.007107 
Total 107 2.261644 
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Table A. 9 
Analysis of variance for rooting depth data (first greenhouse study) 
Source of 
variation df ss MS F p 
Species 1 77 .13 77 .13 5.38 0.025 
Depth 1 128.91 128.91 9.00 0.004 
Harvest 2 208.25 104.12 7.27 0.002 
SxD 1 26.50 26.50 1.85 0.181 
SxH 2 52.74 26 .37 1.84 0.170 
DxH 2 111.56 55.78 3.89 0.028 
Error 45 644.71 14.33 
Total 54 1249 .90 
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Table A. 10 
Analysis of variance for leaves data (first greenhouse study) 
Source of 
variation df ss MS F p 
Species 1 0.0127 0.0127 0.04 0.850 
Depth 1 0.0675 0.0675 0.19 0.664 
Harvest 2 14.7589 7.3795 20 .90 0.000 
SxD 1 0.5050 0.5050 1.43 0.238 
SxH 2 0.6425 0.3213 0.91 0.410 
DxH 2 0.1601 0.0801 0.23 0.798 
Error 45 15.8902 0.3531 
Total 54 32.0369 
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Table A. 11 
Analysis of variance for plant height data (first greenhouse study) 
Source of 
variation df ss MS F 
p 
Species 1 45.328 45.328 6.04 0.018 
Depth l 20.263 20.264 2.70 0.107 
Harvest 2 88.740 44.370 5.91 0.005 
SxD 1 5.270 5.270 0.70 0.406 
SxH 2 24.443 12.221 1.63 0.208 
DxH 2 17.811 8.906 1.19 0.315 
Error 45 337.717 7.505 
Total 54 539.572 
Source of 
variation 
Species (S) 
Depth(D) 
SxD 
Dl vs D2 
D1 vs D3 
D2 vs D3 
Table A. 12 
Lifereg test for seedling survival data (first greenhouse study) 
df 
1 
2 
2 
1 
1 
l 
Chi-Square 
2.5653 
27.1617 
0.6553 
4.046413 
27 .05094 
10.19224 
p 
>0.10 
<0.001 
>0.25 
0.0443 
0.0001 
0.0014 
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Table A. 13 
Analysis of variance for arcsine-transformed soil moisture data (first greenhouse study) 
Source of 
variation 
Harvest (H) 
Soil depth (D) 
HxD 
Covariance parameter 
Rep (Harvest) 
Residual 
df 
2 
2 
4 
Error term F 
Rep (Harvest) 24 .74 
Residual 366.70 
Residual 26.15 
Covariance parameter estimates 
df 
15 
30 
Estimate 
0.00006870 
0.00036826 
p 
<0.001 
<0.001 
<0.001 
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Table A. 14 
Analysis of variance for arcsine-transformed dungpat moisture data ( first greenhouse 
study) 
Source of 
variation 
Harvest (H) 
Dungpat location (L) 
HxL 
Covariance parameter 
Rep (Harvest) 
Residual 
df Error term 
2 Rep (Harvest) 
1 Residual 
2 Residual 
Covariance parameter estimates 
df 
15 
15 
Estimate 
0.00063495 
0.00018254 
F p 
756.41 <0.001 
254.71 <0.001 
82.54 <0.001 
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Table A. 15 
Analysis of variance for seedling emergence data (second greenhouse study) 
Source of 
variation df ss MS F p 
Replication 2 193.9 96.9 0.19 0.828 
Species (S) 2 4030.7 2015.3 3.92 0.024 
Water (W) 1 15052.1 15052.1 29.31 0.000 
Treatment (T) 5 34942.1 6988.4 13.61 0.000 
SxW 2 2664.9 1332.5 2.59 0.082 
SxT 10 5656.8 565.7 1.10 0.373 
WxT 5 5156.3 10.31.3 2.01 0.088 
Sx WxT 10 5355 .9 535 .6 1.04 0.418 
Error 70 35952.0 513.6 
Total 107 109004 .6 
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Table A. 16 
Analysis of variance for seedling emergence data in different dungpat thicknesses (second 
greenhouse study) 
Source of 
variation df 
Dungpat thickness 2 
Error 105 
Total 107 
ss 
13751 
95253 
109004 
MS 
6876 
907 
F p 
7.58 0.001 
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Table A. 17 
Analysis of variance for seedling emergence data at different planting height in dungpats 
(second greenhouse study) 
Source of 
variation 
Planting height 
Error 
Total 
df 
3 
104 
107 
ss 
32957 
76047 
109004 
MS 
10986 
731 
F 
15.02 
p 
0.00 
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Table A. 18 
Analysis of variance for arcsine-transformed soil moisture data (second greenhouse 
study) 
Source of 
variation 
F p 
Water (W) 
Soil depth (D) 
WxD 
Covariance parameter 
Rep (water) 
Residual 
df Error term 
1 Rep (water) 
2 Residual 
2 Residual 
Covariance parameter estimates 
df 
10 
20 
Estimate 
0.00071403 
0.00011869 
115.37 <0.001 
100.53 <0.001 
16.29 <0.001 
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Table A. 19 
Lifereg test for seedling survival data (second greenhouse study) 
Source of 
variation df Chi-square value p 
Species (S) 2 43.77 <0.001 
Depth (D) 3 143.08 <0.001 
Thickness (T) 2 30.48 <0.001 
Water (W) 1 290.51 <0.001 
SxT 4 4.62 >0.25 
S xD 6 4.4 >0.25 
WxD 3 13.67 <0.005 
WxT 2 11.76 <0.005 
SxW 2 0.86 >0.25 
SxWxT 12 25.61 <0.02 
SxDxW 17 22.91 >0.15 
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Table A. 20 
Analysis of variance for tiller numbers data (second green house study) 
Source of 
variation df ss MS F 
p 
Replication 2 15.86 7.93 0.77 0.465 
Species (S) 2 135.93 67 .96 6.58 0.002 
Treatment (T) 4 203 .68 50.92 4.93 0.001 
SxT 8 211.31 26.41 2.56 0.011 
Error 198 2044.96 10.33 
Total 214 2611.74 
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Table A. 21 
Analysis of variance for aboveground biomass production data (second green house 
study) 
Source of 
variation df ss MS F p 
Replication 2 0.02019 0.01009 0.32 0.730 
Species (S) 2 0.86877 0.43438 13.56 0.000 
Treatment (T) 4 0.24477 0.06119 1.91 0.110 
SxT 8 0.62479 0.07810 2.44 0.016 
Error 198 6.34436 0.03204 
Total 214 8.10288 
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Table A. 22 
Analysis of variance for seedling emergence data from naturally and artificially deposited 
dungpats 
Source of 
variation df ss MS F p 
Species (S) 2 33348 .68 16674.34 407.58 0.00 
Thickness (T) 3 3128.93 1042 .98 25.49 0.00 
SxT 6 3258.92 543.15 13.27 0.00 
Error (a) 60 2554.89 40.91 
Cohort (C) 5 17090.07 3418 .01 39 .37 0.00 
Error (b) 25 2170 .09 86.80 
SxC 10 21966.84 2196.68 60 .05 0.00 
TxC 15 9425 .20 628.35 17.18 0.00 
SxTxC 30 15094.77 503.16 13.75 0.00 
Error (c) 275 10059.35 36.58 
Total 431 117997 .74 
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Table A. 23 
Chi-square test to test relationships among plant species (S), location of emergence (L), 
depth of emergence (D), and weekly cohorts (C) 
Source of 
variation df Chi-square p 
S xC 10 48.985 0.0000 
CxD 20 93.224 0.0000 
CxL 5 3.573 0.712 C 
S xD 8 6.764 0.5622 ,, 
SxL 2 8.126 0.0172 
LxD 4 234.255 0.0000 
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